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SUMMARY 

An experimental study of mixing dovmstream of coaxial jets discharging in an 
expanded duct was conducted to obtain data for the evaluation and improvement of tur- 
bulent transport models currently used in a variety of computational procedures 
throughout the propulsion community for combustor flow modeling. The study used 
laser velocimeter (LV) and laser induced fluorescence (LIF) techniques to measure 
velocities and concentration and flow visualisation techniques to qualitatively de- 
termine the time dependent characteristics of the flow and the scale of the turbu- 
lent structure. 

Flow vit«ualization studies showed four major shear regions occurring; a wake 
region immediately downstream of the inner jet inlet duct, a shear region further 
downstream between the inner and annular jets, a recirculation zone, and a reattach- 
ment zone. 

A combination of turbulent momentum transport rate and two velocity component 
data were obtained from simultaneous measurements with a two color LV system. Axial, 
radial and azimuthal velocities and turbulent momentum transport rate measurements 
in the r-z and r-0 planes were used to determine the mean value, second central 
moment (or rms fluctuation from mean), skewness and kurtosis for each data set proba- 
bility density function (p.d.f.). 

A combination of turbulent mass transport rate, concentration and velocity data 
were obtained from simultaneous measurements with an LV and LIF system. Velocity and 
mass transport in all three direction** as well as concentration distributions were 
used to obtain the mean, second central moments, skewness and kurtosis for each p.d.f. 
These LV/LIF measurements also exposed the existence of a large region of counter- 
gradient turbulent axial mass transport in the region where the annular jet fluid 
was accelerating the inner jet fluid. These results also showed that for high trans- 
port rate regions, the transport rate p.d.f.s, skewness and kurtosis were similar to 
those occurring in turbulent boundary layers but that in low transport regions (in- 
cluding the recirculation region) these were higher than previously measured for the 
wake regions of turbulent boundary layers. 
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INTRODUCTION 

Background , 

Computational procedures to predict combustion processes are being developed and 
refined by a number of researchers (e.g., see Ref. 19 and surveys in Refs. 20, 21, 22). • 

These computational procedures predict the velocity, species, concentration, tempera- 
ture and reaction rate distribution within the combustors which are used to determine 
combustor liner heat load, engine performance (combustion efficiency), pollution emis- 
sions (reactant products) and pattern factor (temperature distribution at turbine 
inlet). Because most combustors of practical interest have turbulent flow, the cal- 
culation procedures usually include mathematical models for the turbulent transport 
of mass (or species), momentum and heat. However, the prediction of combustion pro- 
cesses is very sensitive to the modeling of the mass and momentum transport processes 
and improper models result in inadequate predictions of combustion efficiency, liner 
heat load, emissions and exit temperature pattern factor. 

The recent prediction of recirculating combusting flows typical of those found 
in aircraft gas turbines, have produced qualitative results which “provide insight 
into the nature of the combustion process rather than quantit:ative design information" • 

(Ref. 19). Although the insight is helpful in diagnosing problems, the long term 
goal of the combustion modelers is to decrease combustor development costs by using 
accurate combustor design procedures. The deficiencies in the current computational » 

procedures have been attributed to weaknesses in the mathematical models, including 
the transport models, and in the numerical methods. One recommendation from a NASA 
workshop on combustion modeling was that the mathematical models used in the calcula- 
tion procedures be validated using experiments specifically designed to provide the 
required input data (Ref. 19). The first step in this process is the validation of 
the mass and momentum turbulent transport models for constant density flow. 

The data used to formulate and validate the turbulent transport models have 
been obtained primarily from velocity and momentum transport measurements because 
only a limited amount of concentration and mass transport data is available. The 
mass (species) transport data presently available are not sufficient to determine 
where inadequacies exist in the present models or to formulate improvements for the 
models. One reason for this situation is that the method for simultaneously obtain- 
ing turbulent mass (species) and momentum transport data often have been indirect, 
requiring compromising assumptions. To overcome these limitations a new technique 
has been developed to simultaneously measure concentration and velocity and, there- ^ 

fore mass transport data which can be used to evaluate and improve combustion orien- 
ted turbulent transport models for scalars such as concentration of species and 
and temperature. • 

A review of techniques to measure instantaneous velocity, temperature and species 
concentration at a point is presented in Ref. 2. The current discussion will be 
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limited to concentration measurement techniques. There are several intrusive tech*- 
niques for simultaneously measuring velocity and concentration. Libby (e.g., Ref. 

3) has successfully used two hot wires in air-^helium mixtures; however, hot wire 
techniques are generally limited to flows without recirculation and have not been 
used extensively for gaseous mixtures other than helium and air which have large 
variations in thermal conductivity and density. Other methods require two probes 
which are often bulky and preclude *point' measurements, 

Several non-intrusivo measurement techniques have been proposed to obtain simul- 
taneously velocity and concentration measurements in recirculating flows (e.g., Ref. 
A). Raman scattering, marker nepheloroetry (Ref. 5), and the laser induced fluores- 
cence (LIF) of a trace material are three techniques previously used for obtaining 
the concentration portion of these measurements. Raman scattering has applications 
for combustion studies but has sensitivity limitations for room temperature fluid 
mechanics studies. Marker nephelometry requires high seed rates and probe volumes 
for LDV velocity measurements orders of magnitude smaller than the probe volume for 
concentration measurements. Laser induced fluorescence of trace dyes or gases offers 
an experimental method which is compatible with LDV measurements. 

Ihe use of fluorescein dye as a trace element in water was chosen for use in the 
current study of mixing between constant density fluids for several reasons. These 
reasons are: (1) that the dye and water are relatively inexpensive, (2) the wave- 
length required to excite the dye is compatible with current LDV equipment, and (3) 
the fluids are convenient to use. This choice restricts the measurement technique 
to the acquisition of constant density transport data. Although the combustion pro- 
cess has variable density gases mixing in a reacting environment, the mathematical 
transport models for combustors are expected to be based on the turbulent transport 
phenomena found in constant density mixing with modifications for variable density 
and reacting flows. 

A preliminary effort at UTRC to obtain quantitative concentration measurements 
with fluorescent dye in 1975 was described by Owen (Paper 28 of Ref. A). The current 
effort at UTRC was initiated in 1978 and makes use of improved optics, data handling 
capabilities and operative procedures. Initial results from the current effort were 
presented in Ref. 6. These measurements were limited in scope as only mean and 
fluctuating axial and radial velocities and radial mass transport measurements were 
obtained. The experimental capability for the present study was expanded to include 
measurement of the mass transport in the axial (z) and azimuthal ( 6 ) directions and 
the momentum transport in the z-r and z-0 planes. Data acquisition and storage tech- 
niques were used in the present study which allowed the calculation of the higher 
moments of the velocity, concentration and turbulent transport rate probability den- 
sity functions. 

The current application of the combined LV/LIF measurement techniques along with 
the available data handling procedures provides an opportunity to obtain data which 
can be used to evaluate a number of computation methods and turbulent transport 


3 


R81 -915540-9 


models. Results from the present study can be used to evaluate (1) the presently 
used two-equation turbulence model, (2) the Reynolds stress transport model and (3) 
the probability density function formulation for predicting turbulent transport and 
concentration fluctuations. 


Outline of Present Study 

Turbulent mixing of confined coaxial jets is being studied because of its simi- 
larity to the combustor situation and thus its value in the mathematical modeling of 
combustor flow fields. Surveys of previous experimental studies were presented in 
Refs. 7 and 8. The turbulent mixing characteristics of confined coaxial jets are 
applicable to the combustion fluid mixing process because the flow field has the 
same features found in gas turbine combustors and furnaces. The coaxial jets provide 
a method of introducing fuel and air into the combustion chamber. The recirculating 
flow sones associated with coaxial jets in enlarged ducts provide the pilot region 
usually required to maintain flame in a combustor over a range of operating conditions. 

The Reynolds number (Re ■ pVd/u) of flow injected through various sections of 
aircraft gas turbine combustors vary from 10^ to 10^ and, therefore, the flows are 
generally turbulent. Lower Reynolds numbers occur for flow through cooling holes at 
engine idle conditions. Higher Reynolds numbers occur for flow through swirlers or 
dilution jets at engine takeoff conditions. The flow conditions selected for the 
detailed data acquisition in the present study have Reynolds numbers of 15,900 and 
47,500 for the inner and annular streams, respectively. These Reynolds numbers are 
factors of 5 to 20 greater than the transitional Reynolds number range and in the 
range occurring in aircraft gas turbines. Therefore, turbulent transport phenomena 
measured in the present experiment are also expected to be typical of the transport 
phenomena occurring in gas turbines. 

The shear regions of coaxial jets confined in an enlarged duct are presented in 
Fig. 1. The discussion of the results from the present study will i;- related to each 
region as applicable. The terms and symbols shown on the figure will be used through- 
out the report. 

The extent of each region shown in Fig. 1 has been previously shown to depend 
upon the dimensions of the coaxial jets and ducts, the velocities in the two streams 
and the fluid properties. The length of the wake region depends upon the jet inlet 
velocity profiles and the development of the shear layer bet%reen the jets. The 
length of the shear layer between the jets will depend upon the ratio Ui/U^, and the 
dimensions of the jets, The length and velocities in the recirculation region will 
depend on the jet and duct dimensions and the velocity of the annular jet. The flow 
characteristics in the reattachment region are likely to be influenced by the charac- 
teristics in the shear layer between jets before reattachment. Thus, the flow field 
is relatively complex with interaction between several regions. 

The present study was initiated with a flow visualisation study to qualitatively 
determine the effects of velocity regio, U^/U^, and Reynolds number on the flow 
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characteristics of the shear regions cited in Fig. 1, These tests were conducted for 
one inlet and duct geometry. Results frmt the study were also used to determine 
streamwise locations for obtaining detailed velocity, concentration, and transport 
rate measurements. 

The major focus of this study was on the acquisition, reduction and analysis of 
velocity, concentration, mass transport rate and momentum transport rate measurements 
at seven axial locations within the duct test section. Singlo .omponent velocity 
data and inner jet fluid concentration data were obtained simultaneously to deter- 
mine the local mass (or scalar) transport rate. Two velocity components were ob- 
tained simultaneously to determine the local momentum transport rates. As a result, 
the concentration and principle velocity distributions were obtained during at least 
two nonconsecutive data acquisition runs. The data set for each point measurement was 
analysed and reduced to obtain the mean and three central moments from each proba- 
bility density function (p.d.f.), i.e., the mean values, the rros deviation from the 
mean, the skewness of the p.d.f., and the flatness factor (or kurtosis) of the p.d.f. 
The averages and central moments were obtained for the mass and momentum transport 
p.d.f. 8 as well as the velocity and concentration p.d.f.s. The reduced results for 
each data point set are tabulated and presented in this report. Graphical presenta- 
tions of representative results are also included to aid in the discussion of the 
results. 

Although the flow condition of the data reported in Ref. 6 was the same as that 
for the present study, the additional measurements of the present study produced 
several interesting and important results. Flow visualisation showed the secondary 
vortex pairs superimposed on the conventional large scale turbulent structure in the 
shear layer between the jets. The axial mass transport results showed countergradient 
mass transport rates larger than the radial mass transport rates in a large central 
region of the flow. With regard to the evaluation of the mass and momentum trans- 
port models, the third and fourth central moments of the concentration and mass 
transport rate were found to be larger than those for the velocities and momentum 
transport rate. These results provide the turbulent transport modelers with much 
needed detail to (1) determine differences between the current models and experi- 
ments or (2) formulate improved models. 
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DESCRIPTION OF APPARATUS AND PROCEDURES 
Flow Syatem 

A sketch of the test section along with the inlet and exhaust sections is shown 
in Fig. 2. The working fluid for this experiment was water with a temperature of 
approximately 20C. The test section consisted of a 122 mm inside diameter by 1 m 
long, thin-wall glass tube mounted in an optical box. Flow to the test section en* 
tered through an annular duct and a smaller center tube (Fig. 3). Flow exhausted 
through the exit duct, up over a weir and flowed to the drain. The top end of the 
duct containing the weir was open to the atmosphere. The atmospheric pressure at 
the weir prevented the test section from becoming overpressurised. In order to de- 
crease the optical distortion obtained when conducting flow visualisation and optical 
experiments in circular tubes thorugh water-glass-air interfaces, a flat-faced opti- 
cal box surrounded the circular test section which was filled with water. The inlet 
plenum for the annular duct contained three perforated plates to produce approxi- 
mately uniform flow and an honeycomb section to remove swirl from the flow. No flow 
straightening devices were used for the inner jet tube which was approximately 25 nas 
(1 in.) dia. and was fed with the same diameter duct and hose for the lengths of 
over 10 ft. 

A schematic of the flow components used in the experiment is presented in Fig. 

4. For the laser vclocimeter tests, flow was circulated by s pump from the storage 
tank, through metering valves and flow measuring devices to the center jet inlet 
and annular jet inlet of the inlet plenum. The flow from the annular duct and 
center tube entered the test section, mixed, discharged into the exhaust ducts, and 
returned to the storage tank. For the .’.V/LIF tests and flow visualisation tests 
where fluorescein dye was used as a tracer, the water from the exhaust was discharged 
into the city sanitary sewer and fresh water replenished the system. 

For tests with dye, the dye was added to the inner jet fluid in a mixing chamber 
a short distance from the innet jet metering valve. Uniform flow of the dye was 
obtained by metering the dye through a micrometering valve with a 20 to 40 psi pres- 
sure drop. This pressure drop was large compared to other pressure drops in the 
system to ensure a uniform dye concentration in the inner jet fluid. A magnetic 
rotating mixer was used to keep the dye well stirred. An inline filter was required 
to prevent the dye micrometering valve from clogging. 

Flow Visualization 

Sketches of the optical arrangements used to obtain flow visualization photo- 
graphs and motion pictures of the flow pattern in the r-z and r-6 planes are shown 
in Figs. 5 and 6, respectively. An argon ion laser with s principle line of 0.4880 
lim wavelength (or all lines opersfing) and a 1 sss dia. beam was used as the light 
source. The laser beam was passed through a cylindrical lens (s. glass or plastic 
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round rod) causing the bean to diverge in one plane While maintaining a beam thickness 
of approximately I mm. The glass rod was positioned with the axis vertically to illu- 
minate the r-s plane through the test section axis and with the axis horisontally to 
illuminate r-6 planes at selected axial locations. Cameras were used to view the flow 
with the camera optical axis at right angles to the plane being illuminated (Figs. 5 
and 6). Relatively high concentrations of dye were used in the inner jet for these 
flow visualitation studies. In general, the dye concentration was increased until 
the fluorescent light level was high enough for good photographic contrast; too high 
dye concentrations caused nonuniform light absorption along the light path. 

LV/LIF Instrumentation 

Overview 

The laser velocimeter (LV) and laser induced fluorescence (LIF) measurements were 
obtained primarily using comnercially available components and conventional laser 
velocimetry practices. Some electronic components, %#hich were not comercially avail- 
able %fhen first required at UTRC, were designed and fabricated by the UTRC instrumen- 
tation group. The equipment utilized for each measurement will be described as the 
technique is discussed. 

The LV measurement systems employed in these experiments used the dual beam LV 
optics concept. The laser-Doppler velocimeter dual beam operating principle is based 
on the scattering of light from a small particle traversing the measurement or probe 
volume. When the seed particle is traveling with the fluid flow, the flow velocity is 
also determined. The probe volume occurs at the intersection of two equal-intensity 
coherent laser light beams. The LV optics were arranged to obtain the minimum beam 
waist diameter (and therefore the highest beam intensity) at the probe volume location. 
The intersection of two coherent laser light beams at the probe volusw caused an inter- 
ference fring pattern to occur with a fringe spacing, d{ • X/[2 sin (9/2)1, where X 
is the laser light wavelength and 9 is the angle between the two laser light beams. 
Light scattered from the particle traversing the probe voluise was collected and focused 
onto a photomultiplier. The frequency of the light intensity, fp, arriving at the 
photodetector was related to one component of the particle velocity component, fp “ 
U{/df, where Ux is the velocity component perpendicular to the optical axis and in the 
plane of the ttra laser light beams. Further descriptions of dual beam laser doppler 
velocimetry including the frequency shift used to prevent flow direction ambiguity are 
presented in Ref. 10. 

Each LV system was comprised of components cr subsystesis tdiich perform specific 
functions and which can usually be interchanged with equipisent from various manufac- 
turers. A laser-velocimeter system consists of the following components: (1) a 

laser, (2) a sending and receiving optical subsystem, (3) a signal processor(s), (4) 
a data handling subsystem, (5) a traverse system to position the prooe volume, and (6) 
a scattering particle generator or seeder. Following are short descriptions of the 
components used for both the LV/LlF and two component LV systems. 
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For all the meaaurenenta reported, the particlee naturally occurring in the Beat 
Hartford water supply were used as LV seeds (Iten No. 6). The traverse systesi consis- 
ted of a milling machine base with three directions of mot'.on and relative traverse 
position accuracies of = 0.1 mm (Item No. 5). 

The laser-Doppler velocimeter signal processors (Item No. 3) amplify and filter 
the signals from the photomultiplier, validate the Doppler frequency samples, and 
finally compute the Doppler period which is the reciprocal of the Doppler frequency. 

The SCIMFTRICS Model 800A signal processors measured the elapsed time for 8 Doppler 
cycles. The processor counter records the pulses from a 125 MHs crystal during the 
8 cycle period. In order to check the validity of the LDV signal, the processor 
also measured the pulses for 4 and 5 Doppler cycles and compares with the 8 cycle 
result to ensure the LDV signal is a valid one-partic':c signal. The integer number 
transmitted to the computer is the period of the Doppler frequency in nanoseconds. 

Tteo signal processors are required for the UTRC system (one for each velocity compo- 
nent). 

A minicomputer data handling system (Item 4) was used to acquire, store and re- 
duce the data on line. This sytem consisted of (1) a data handling interface (con- 
structed by UTRC), (2) a DEC PDPlO/11 minicomputer with a dual disk operating system, 

(3) a DEC Laboratory Peripheral Systems (LPS) with an A/D signal converter, and (4) 
a DECwriter III teletype printer. Specific functions of the data handling interface 
and the A/D converter will be described when applicable to a specific measurement. 

TVo Component LV Measurements 

A list of the equipisent employed for the two-component LV measurements is presented 
in Table I-A. A sketch of the optical arrangement used for the two component laser 
velocisieter measurements is shown in Fig. 7. The milling machine used to position the 
probe volume within the test section had a range of approximately 240 mm in the stream- 
wise direction. The ranges for the vertical and cross s‘:ream directions were greater 
than the dimension of the test section. 

A sketch of the optical components and beam paths used for the two component 
velocity sieasurements is presented in Fig. 8. This system was operated in a direct 
backscatteving mode. The 0.5145 pm wavelength beams were used for the streasoMise 
velocity ricasurements . The 0.4880 wm wavelength beam were used for the radial and 
asimuthal velocity measurements. A Bragg cell was used for both velocity components 
to eliminate the flow direction ambiguity. This optical subsystem provided signal 
to noise ratios greater than 20 except near the test section walls. 

The LV Data Handling Interface was used to accept only those data points when 
the two velocity cosiponents were obtained within a period of time of 1 msec. However, 
data acquisition rate tests showed that alswst all of the sere of two coeq>onent data 
were obtained from a single particle. This time period w^is considered appr<^riate 
for a probe volume of length ~ 1 mm and for typical velocities of 1 m/sec. The time 
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from a clock within the data handling ayatem waa alao recorded at each data acquiai* 
tion. 

LV/LIP Meaaurementa 

A list of the equipment employed for the laaer velocimeter/laaer induced fluorea- 
cence measurements is presented in Table I-B. A sketch showing the arrangement of 
the optical components used for the LV/LIF sMasureisents is shown in Fig. 9. The LV 
measurements were obtained in a forward scattering mode while the LIF measurements 
were obtained in a direct backscattering mode where the light waa sent and received 
through the same lens. 

The 0.4880 wm wavelength of the argon ion laser was used both to excite the 
fluorescence of the fluorescein dye for the LIF measurement and to scatter light from 
particles for the LV measurements. The laser beam intensity used was sxmitored during 
bench tests to determine power fluctuations. The peak to peak power drift over a 20 
minute period was less than 0.5 percent. 

Fluorescein dye was made from fluorescein disodium salt with a chemical formula 
^20^10^5^*2' extensively for water pollution studies and is avail- 

able from chemical supply houses in powder form. Absorption and emission spectra data 
for fluorescein dye can be obtained from Ref. 11. A liquid dye concentrate was formed 
by dissolving 2.5 gms of dye powder in 1 tablespoon of alcohol and then mixing with I 
liter water. A dilute solutiot of dye was made by mixing I ml of concentrate with 
3.51 of water. The dilute solution was added to the inner jet fluid in ratios of 1 
part dilute solution to 760 parts water. The dye in the dilute mixture was stirred 
for over one hour and can be considered uniformly mixed. The dilute concentration 
was mixed "inline** with the inner jet fluid. Variation in dye concentrations at the 
inner jet inlet location can be attributed to the last mixing process. A current-to- 
voltage converter was used to convert the current through the LIF photomultiplier tube 
to a voltage. The signal from the photosxiltiplier also was filtered with a 2 KHs 
low pass filter to remove the shot noise associated with photosMltiplier tubes. The 
2KHs filtering was compatible with the typical velocity of 1 m/sec and probe length 
of 1 ims. The LIF analog signal was processed through an A/D voltage converger each 
time an acceptable LV signal was obtained. The LV and LIF data were stored as pairs 
along with the data acquisition t^c by the Data Handling subsystem. 

LF/LIF Pats Reduction 

Conventional LV data interpretation techniqtes were used to process and store 
the data. Listings of the program used to edit the two component velocity data and 
the LV/LIF (itta are presented in Tables V-1 and 2, respectively. The data from the 
LV signal processors and the LIF signals have been stored and will be available 
through the NASA Project Manager for researchers who wish to obtain other informa- 
tion from the data than the momemts and correlations obtained in the current editing 
process . 
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FLOW VISUALIZATION RESULTS 

Flow vltualisation atudioa «#«rc eonduetod to detorninc the ecalc of the turbu- 
lent structure of the flow within the test section duct (Figs. 2 end 3). The flow 
visualisetion was obtained by adding fluorescein dye to the inner Jet fluid. The 
strucutre and scale of the turbulent eddies was deduced f.'on the interface between 
high and low concentrations of dye recorded on high speed notion pictures (Figs. 5 
and 6). 

These flow visualisation studies were also conducted (o determine if the f’ow 
field was swirl free, axisysmetric, and statistically stationary before data acquisi- 
tion was initiated. This experiment was conducted to obtain a data base that can be used 
to evaluate axisymnetric flow calculation procedures and it is critical that the flow 
have these forenentioned characteristics. Good axisysuetric characteristics arc also 
required because data from the same radiel location are obtained at several asimuthal 
locations. The transport models developed for the computational procedures arc based 
on tine-independent statistics. Therefore, it is important that the experimental 
data used to evaluate these models be obtained from statistically steady or station- 
ary flows. 

Motion pictures were obtained in the r-s plane with the center of illur (nation 
at t ■ 100 and 200 mm and in the r-6 plane at s • 51, 102, 152 and 203 mm. The fore- 
mentioned set of planes were photqiraphed at 500 franes/scc for five flow conditions. 

The characteristics of Flow Condition 1, that condition selected for detail data 
acquisition, are described in the following paragraph. The characteristics of the 
other flow conditions are described in ^pendix 1. 

The photographs for Flow Condition 1 presented in Fig. 10. This flow con- 
dition was the same as that for which Uta was acquired in Ref. 6. In the upper 
left photograph, the clasnical large eddy structure associated with shear layers 
coiild be discerned. The dyed inner jet fluid was moving slower than the annular jet; 
hence the eddies were "rolling" faster than the inner jet fluid. These eddies were 
associated with the shear layer between jets (Fig. 1). The upper right photograph 
shows the scale of the eddies containing iimer jet fluid which occurred isoMdiately 
upstream of the reattachment regio- (Fig. 1). The inner jet fluid intensittently 
filled most of the duct cross section. The r-6 plane photograph at s ■ 51 mm, shows 
the sise of the eddy structure in the wake regim. At s ■ 102 sss, which was in the 
shear layer between the jets, the radial scale of turbulence was increased and vor- 
tex pairs were similar to the vortex pairs observed by the California Institute of 
Technology fluid mechanics research group. The vortex pairs appeared to occur ran- 
domly both tiawwise and asimuthally in the shear layer between jets. At s ■ 152 mm, 
in shear layer oetween jets, the inner jet fluid distribution became more three 
dimensional than at the upstream locations. The largest scale structure with high 
dye concentrations occurred at s ■■ 203 mm. This location was im m ed iately upstream 
of the reattadHsmt sone where the annular jet fluid began to decelerate the flow 
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tovard the duct wall. At further downstream locations, the peak concentrations of 
the inner jet fluid were lower and the dye concentration nmre uniform across the 
duct r-6 cross section. 

The flow visualization study sho%ied the flows were as axisymmetric and swirl 
free as could be determined visually. Although the scale of the turbulent structure 
was relatively large, the eddies were not axisynsnetric or periodic. The large scale 
waves and eddies appeared to have a range of wavelengths. The flows did not have 
bistable modes or preferred nzimuthal turbulent eddy orientations at any location in- 
cluding the reattachment region. However, the scale of the turbulent structure near 
the reattachment region was large which will require relatively long data acquisition 
times to acquire stationary data sets. 
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DISCUSSION OF MEAN AND FLUCTUATING 
VELOCITY AND CONCENTRATION RESULTS 

Foreword to Presentation of Results 

The use of computerized data acquisition storage, reduction and analysis tech- 
niques permitted numerous quantities to be determined from the data obtained in this 
study in addition to the mean and fluctuating velocity components and concentrations 
usually obtained. These included (1) calculation of parameters which can be used to 
characterize the probability density functions (p.d.f.s) of the velocity components, 
the concentrations, the mass transport rates and the momentum transport rates; and 
(2) the various correlations and cross correlations required to evaluate the model- 
ing of a turbulent transport process. 

The determination of all parameters and correlations obtainable from the experi- 
mental data was beyond the scope of this study. However, the most universally used 
terms have been calculated and are included in this report. The parameters presented 
include the mean and three central moments of the velocity and concentration proba- 
bility density functions (i.e., the mean, rms variation from the mean, skewness and 
kurtosis or flatness factor), the mean and three central moments of the mass and 
momentum turbulent transport rate probability density functions, and the correlation 
coefficients for the mass and momentum turbulent transport rates. 

The calculated parameters for each data point set are tabulated in Tables IV-XX 
with the terms XX used to denote run number. The number of velocity /velocity or 
velocity/concentration data pairs used to calculate the parameters for each data 
point set vary from 239 to 1000 and are also tabulated in Table IV-XX. The nximber 
of data pairs used to calculate the parameters for each data point are usually less 
than 250, 500, or 1000, the number of data pairs acquired for each data point. Data 
pairs were eliminated from the data set when one of the data pair appeared to be 
spurious. Spurious data was defined as data well outside the 3o region of the proba- 
bility density function and \^as believed to occur when the laser velocimeter signal 
processor passed "bad" data. The run numbers are tabulated in Table II as a function 
of axial location and direction of mass transport or plane or momentum transport. 

Not all the data was stored on floppy disks due to a malfunction of the disk 
drive. When the data was not stored, it could not be editored to eliminate spurious 
LV data points and the third and fourth central moments were not considered accurate 
enough to be included in the data set. Not all combinations of data were obtained 
at all axial stations; the azimuthal transport terms were determined to be negligible 
in an initial set of runs and were not obtained when significant data acquisition 
time could be eliminated. 

A tabulation of the figure numbers on which a particular result may be found is 
presented in Table III. The mean and fluctuating velocity and concentration data and 
the principle mass and momentum transport rate data for all axial stations are presented 
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in graphical form. Representative results of other parameters were also plotted and 
are presented. 

The results are presented and discussed in the following order. The mean and 
fluctuating velocity and concentration results are presented first, the turbulent 
mass and momentum transport rates and correlations second, the higher moments of 
velocity and concentrations, the autocorrelations of the concentration signal, and 
the higher moments of the turbulent transport rates are presented in later sections. 

Detailed measurements were obtained for Flow Condition 1, described in the flow 
visualization section. This flow condition is the same condition used in the previous, 
less extensive data acquisition experiments sponsored by UTRC (Ref. 6). 

Velocity Results 

Mean and fluctuating velocity profiles were obtained at the seven axial stations 
as part of both the mass and momentum turbulent transport measurements. Consequently, 
each velocity profile is comprised of data from two or four azimuthal locations and 
two or more runs. The coordinate system employed for this study is presented in Fig. 

3. The results will be related to the shear regions shown in Fig. 1. 

Mean Axial Velocity 

The mean axial velocity profiles are presented in Fig. 11. The velocity profile 
at the upstream measurement location closest to the inlet, z ■ 13 nm (0.5 in.), had 
several significant features. First, the peak velocities from the inner jet were 
approximately one-half the peak velocities from the annular jet. Second, there was 
a wake region at radius ratio, r/R^ ‘ 0.25, from the flow adjacent to the inner tube. 
In addition, the axial velocity profile was observed to be axisynmetric. 

The change in the axial velocity profile from z ■ 13 mn to successive locations 
downstream document the development of the various shear regions within the test re- 
gion. The shear caused by the wake of the inner jet tube resulted in a decrease in 
the peak centerline velocity from z « 13 to 51 imn. This wake region disappeared at 
z ■ 102 mm. 

The shear layer between jets occurred between z ■■ 51 mm and 203 nm. In this 
shear region, the annular jet flow accelerated the inner jet flow. At z ■ 254 mm, 
the velocity profile in the center of the duct was approximately flat. 

A third shear region occurred between the annular jet flow and the recirculation 
region. Note that the radial extent of back flow (U < 0) in this region decreased 
from r/Rp *0.54 to 1.0 at z ■ 13 ram to r/Ro ^ 0.85 to 1 .0 at z ■ 203 mm. The end 
of the recirculation cell and reattachment of the annular jet to the peripheral wall 
occurred near z ■ 254 nm. Note that the measured peak negative velocities occurred 
at z ■ 102 nm and had a value of -0.075 m/sec. This negative velocity was 17 percent 
of the peak streamwise axial velocity at that location. This ratio of reverse flow 
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velocity to streanwise velocity is typical of that which occurs in free shear i^^’yera 
downstream of backward facing steps 4 

The axial variation of mean axial velocity along the centerline is shown in Fig. 
12. The data presented shows the effects of the shear layers described previously. 
First, a decrease in centerline velocity occurred from z ■ 0 to lOOinn due to the 
inner jet fluid mixing with the flow in the wake from the inner jet tube. Second, an 
increase in centerline velocity from z ■ 100 to 175 mn occurred as the fluid from the 
annular stream accelerated the fluid from the inner jet. Third, the deceleration of 
the centerline velocity from z “ 200 ran to larger values of z occurred as the flow 
from the annular jet attached to the duct wall and closed the recirculation cell. 

Radial Mean Velocity 

The profiles of mean radial velocity are presented in Fig. 13. Note the velocity 
scale is changed by a factor of ten compared to that used for the axial velocity pro- 
files. Positive velocities indicate flow radially outward from the test section 
centerline. 

Rapid changes in the profiles of the radial velocity occurred from z * 13 ran, the 
flow from the inner jet and the annular stream was directed into the center tube wake 
region (+V for r/R^ < U.25 and -V for t/Kq > 0.25). The negative radial velocities 
at radius ratios from 0.5 to 0.8 were attributed to the flow radially inward at the 
upstream end of the annular recirculation region. At z ■ 51 mm, the radial velocities 
for r/Ro < 0.2 were positive but near zero and indicated the relatively low, mass 
flux from the center jet to the tube wake region. Radial velocities inward for 0.2 < 
r/Ro < 0.45 indicated fluid motion from the annular jet into the tube wake region. 
Radial velocities outward for 0.45 < r/Rg < 0.6 indicated fluid moving from the annular 
jet into the shear layer between the annular jet and the recirculation zone. 

At z ■ 102 ran, the radial profiles indicated (1) radial inward flow occurred for 
r/Ro 0.35 where the outer annular flow was accelerating the inner region, (2) radial 
outward flow occurred for 0.35 < r/Rg < 0.7 where the annular jet velocity decreased 
and flow was entrained into the recirculation cell and (3) radial flow inward occurred 
for r/Ro <0.7 due to radial flow inward in the outer half of the recirculation cell. 
Similar descriptions are applicable at z ■ 152 ran. At z * 203, 254 and 305 mm, the 
flow had a positive radial component at all radius ratios. There was a trend toward 
decreasing radial velocity from z ■ 254 to 305 mm as the reattached flow begins to 
develop into turbulent duct flow. 

The run to run variations are more apparent in the radial velocity profiles than 
the axial velocity profiles. These variations were attributed to the sensitivity 
of the radial flow pattern to small changes in velocity ratio and geometry. The flow 
condition selected had interesting features (wake, shear layer between jets, recircu- 
lation, reattachment — see Fig. 1) which occurred over a short distance. The fact 
that the flow was basically axisymmetric is significant (i.e., data for 6 > 0 and 180 
are the same). 
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Agimuthal Mean Velocity 

The mean azimuthal velocity profilea are presented in Fig. 14. These data are 
plotted with the same scale as the radial velocity profiles. For these experiments 
with axial coaxial jets, a mean azimuthal velocity equal zero was expected. However, 
it is difficult to obtain a completely swirl-free flow. The results presented 
here document the local magnitude of the swirl in the test section. 

At z ■ 13 mm, the flow from the center jet, r/R^ < 0.25, had negligible swirl 
(i.e., tan"^ 0.01/0.8 * 0.7 deg.), however, the recirculation region adjacent to the 
end wall had mean swirl velocity of 0.1 m/sec. The higher values of W at z <■ 13 mm 
occurred where the recirculating flow is impinging on the upstream wall, r/R^ > 0.5. 

The tendency toward rotation in the recirculation region was increased as the re- 
circulating flow approaches the upstream wall. As will be shown in subsequent 
figures these mean azimuthal velocities were less than the rms fluctuation of the 
velocity component. At further downstream locations, the azimuthal velocity compo- 
nents indicated mean swirl angles of up to 1.5 deg. In all cases, the mean azimu- 
thal velocity was less than the rms of the azimuthal fluctuating velocity and could 
not be discerned in flow visualization tests. 

Fluctuating Velocities 

Fluctuating axial, radial and azimuthal velocity profiles are presented in Figs. 
15, 16 and 17, respectively. The changes in the intensity of the fluctuations be- 
tween axial locations were well behaved and can be attributed to the developing 
shear layers. At z ~ 13 non, the peak fluctuating velocities occurred in the wake 
from the center tube and the shear layer outside the annular jet. The fluctuation 
intensities at the center of the center and annular jets were 5 to 10 percent of the 
local velocities which is compatible with previous measurements in ducts and annulus 
(e.g.. Ref. 18). The intensities of the fluctuating velocities increased and decreased 
with the development of the shear layers (1) between the center and annular jets, 

(2) between the annular jet and the recirculation zone, and (3) in the reattachment 
zone. The intensity of the axial velocity fluctuations were greater than those of 
the radial or azimuthal velocity components in the shear regions. As the local shear 
rate decreased, the ratio of the intensities, v'/u' and w'/u* tended toward I.O (i.e., 
at z ■ 203 and 254 inn and r/R^ * 0). 


Concentration Results 

A small amount of fluorescein dye was added to the inner jet fluid to differen- 
tiate the inner jet fluid from the annular jet fluid. Both fluids were water in the 
experiment. The intensity of the light emitted by the fluorescence of dye from the 
laser velocimeter probe volume was proportional to the concentration of dye in the 
probe volume. The local concentration of the inner jet fluid, f, was defined to be 
the ratio of light emitted locally to the light emitted at the inner jet inlet «ihere 
f * 1.0 by definition. In the discussion of the experimental results the symbol f 
and term "concentration'* refer to the concentration of inner jet fluid as 
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defined. The term "mass transport" refers to the turbulent transport of the inner 
jet fluid. 

Mean Concentration 


The axial variation of the concentration along the centerline is shown in Fig. 
12b. These data were obtained in two sets. The first set from s ■ 25 to 250 nn used 
the inlet- jet-fluid concentration f ■ 1 at z ■ 0 to 50 nn as reference. The stream- 
wise traverse range of 225 mm was the maximum obtainable with the available optics 
and traverse table. The second set of data were obtained from z ■ 150 to 350 mm. 

The LIF voltage signals from these data were ratioed to the upstream set of data at 
locations where the data sites overlap occurred. The LIF voltage signals for the 
individual concentration profiles presented in Fig. 18 were ratioed to the results 
from Fig. 12 to obtain a mean centerline concentration level. 

The axial variation of the concentration along the centerline (Fig. 12b) showed 
small decreases occurred from f ■ 1.0 for z < 75 mm. The end of the inner tube wake 
region occurred between z • 50 and 75 mm. The centerline concentrations decreased 
rapidly for 100 mm < z < 200 ran which is the region where the inner jet fluid is 
being accelerated by the annular jet flow (see Fig. 11a). Ihe decrease of the center- 
line concentration with axial distance became more gradual for z > 200 inn and the 
centerline concentration approached within 0.01 of the mass flow averaged concentra- 
tion level within the duct, f^yg * 0.104, at z ■ 356 mm. 

Ihe mean concentration profiles are presented in Fig. 18. At z ■ 13 and 51 mm, 
the mean concentration along the centerline was 1.0. The variations in f from 1.0 
for z ■ 13 mm and r/Ro <0.15 indicate the level of scatter in the value of mean con- 
centration for a given high concentratiun measurement. These variations are attri- 
buted to (1) defects in the glass used for the duct and glass plates used for optical 
box plates, (2) small air bubbles or dirt on these surfaces that are occasionally 
formed during the course of a test and (3) a variation in trace material flow rate 
over the time period required to obtain a profile. At z ■ 13 mm and for 0.30 < 
r/Ro < 0.45, the incoming fluid should have zero concentration. These data scattered 
about the f ■ 0 value with a variation of less than 0.02. Ihe values of f ■ 0.03 at 
z ■ 13 mm and 51 mm and r/Rg > 0.6 were due to the inner jet fluid being convected 
from downstream stations upstream into the recirculating zone. 

The concentration profiles showed the rapid decrease in peak concentration be- 
tween 51 ram and 203 mm. between z ■ 203 and 305 mm, the decrease in concentration 
level was more gradual. At z • 305 mm, the mean concentration profile was close to 
the roass-flow-averaged concentration level within the duct, fave* peak concen- 
tration was only 0.04 above fave axial location. 

The concentration profiles were reasonably axisymmetric and repeatable from 
run to run. 'Hiese data were obtained as part of the mass transport measurements in 
three directions. Each profile contains data which was obtained over a two to four 
week period. 
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Fluctuating Concentration 

The concentration fluctuations, f, are presented in Fig. 19. Note the peak f 
values increased from 0.15 at e ■ 13 to 0.30 at z ■ 152 mm. The peak values of the 
fluctuation intensity at z ■ 13, 51 and 102 mm, occurred in the high concentration 
gradient region between the inner jet and the annular jet. At z ■ 152 and 203 mm, 
the peak values of the concentration fluctuation intensities were near the center- 
line. The peak concentration fluctuation in the profiles occurred along the center- 
line fo. z ^ 152 nm. The peak concentration fluctuations also decreased with dis- 
tance from the inlet plane for z > 152 mm. The ratio of concentration fluctuations, 
f, to mean concentration, f, at z ■ 152 was approximately 0.50 which indicated a 
large fraction of the fluctuations was due to "all annular jet" to "all inner jet" 
concentration variations. 
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DISCUSSION OF TURBULENT TRANSPORT RESULTS 
Momentum Transport 


s-r Plane 


Hie momentum transport rate profile in the s-r plane, uv, are presented in Fig. 
20. Because most of the momentum transport in this plane is due to the radial varia- 
tion of the axial velocity, the discussion of the turbulent momentum transport rate 
distribution will be related to the axial velocity profiles (Fig. 11a) and the shear 
regions presented in Fig. 1. 

At z ■ 13 and 51 mm, a weak momentum transport radially outward (i.e., uv > 0) 
occurred for r/R^ <0.18 and 0.12, respectively. This momentum flux was due to the 
shear of the inner iet fluid on the wake region dotmstream of the inner jet tube. 

For z ■ 13 mm and 0.18 < r/R^ < 0.3, the momentum flux was radially inward, i.e., 
uv < 0, due to the transport of momentum from the annular jet fluid to the wake re- 
gion downstream of the inner jet tube. At z ■ 51 mm, the region with negative uv 
was enlarged to 0.12 < r/Ro < 0.33. The wake region downstream of the inner jet tube 
disappeared at z « 102 inn, i.e*, no region of uv > 0 for r/Ro < 0.3. 

The negative momentum transport rate for r < 0.030 and z ■ 102, 152 and 203 mn 
was due to the radial inward transport of axial momentum which accelerated the inner 
jet fluid. The magnitude of the negative transport rate decreased with increasing 
z from z ■ 102 mm and was essentially zero at z ■ 254 nin. The location of the zero 
momentiun flux toward the center probably occurred at the axial location with peak 
axial velocities, i.e., z ■ 170 mm (Fig. 11a). 

Radial outward momentum transport for r > 0.35 occurred in the free shear layer 
between the annular stream and the recirculating fluid at all axial locations. At 
the upstream end of the recirculation zone, z ■ 13 mm and 51 inn, the radial trans- 
port in the backward flowing region of the recirculation cell had approximately zero 
transport. At locations further downstream (z > 100 mm), the low or zero transport 
rate locations were estimated to lie closer to the wall. 

At z ■ 305 nsn, the shear stress distribution was approximately linear as expec- 
ted for fully developed pipe flow. However, the ratio of the wall shear stress rate 
(extrapolated) to the kinetic energy of the flow was approximately 0.1. This value 
compares with a value of 0.002 to 0.003 previously obtained for fully developed pipe 
flow at these Reynolds nund>ers (e.g.. Ref. 18). From this comparison and the high 
level of the turbulence intensity ("60 percent), it can be concluded that the turbu- 
lent structure at z ■ 305 mn was far from equilibrium. 

The correlation coefficients, R^y, obtained from the turbulent transport measure- 
ments are presented in Fig. 21. The correlation coeffic^nts, Ryy “ uv/(u'v'), have 
the same sign as the turbulent momentum transport rate, uv. However, the shapes of 
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the correlation profiles are easier to interpret at values of the nomentum transport 
rate near aero. At a ■ 13 and 51 mm, the correlation coefficient profiles for r/R^ < 
0.2 show that the peak radial outward coefficients were 0.35 and 0.2, which was only 
a factor of two less than the coefficients for the inward transport, i.e., the nega- 
tive Ruv St r/Ro ■ 0.25. However, the ratio of the inward/outward momentum flux 
into the wake region was greater than 10 at that location (Fig. 23a). Although the 
correlation coefficients at r/R^ “ 0 were not identically equal to 0.0 as expected 
for axisymmetric flow, a profile constructed through zero would not result in signi- 
ficant deviations of the data from the profile. The deviations which occurred can 
be attributed to spatial uncertainties in the measurement location and the location 
of the jet centerline. The absolute values of the peak transport correlation coeffi- 
cients in each shear region were 0.35 and 0.55. These values are in the range pre- 
viously measured for turbulent free shear momentum transport (e.g.. Ref. 18). The 
correlations were higher in regions where the shear layers are stable and lower in 
the reattaching and recirculation zones where the turbulent structure (1) does not 
appear to be "ordered", or (2) had longer time-dependent characteristics. 

z-9 Plane 

The axial/tangential turbulent transport rate and correlation profiles obtained 
at z * 102 imn are presented in Fig.' 22. As expected for this nominally axis 3 mmetric 
flow, the transport rates wer^negligible compared to the axial/radial transport 
rates. The levels measured, uw < 0.004 m^/s^ and |RuwI < 0.04 are the levels of un- 
certainty which probably occurred in the transport measurements and their associated 
correlation coefficients. 


Mass Transport 


Radial Direction 


The measured radial mass transport rate profiles are presented in Fig. 23. The 
radial mass transport rate is generally associated with the radial gradients of the 
mean concentration profiles (Fig. 18). Discussions of the mass transport measurements 
will be related to these profiles, to the shear regions, and flow visualization re- 
sults. 


The radial mass transport at z ■ 13 and 51 nm was concentrated at the interface 
between the inner jet and annular jet stream. Relatively low peak mass transport 
rates occurred at these locations even though the radial concentration gradients were 
the highest in the flow field. Flow visualization of this region showed that coherent 
waves occurred in this region but that the fluid generally was not mixed. The peak 
transport rates at z ■ 102 and 152 nm were higher by a factor of 4 compared to the 
peak levels at z • 51 mn. The radial extent of the high radial mass transport rate 
spread inward and outward at z • 102 and 152 mm. The radial profiles at z ■ 203 
through 305 mm approached those associated with the self-preserving profiles of free 
jet mixing. 
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The correlation coefficient, Ryf, prof ilea ere presented in Fig. 24. At e ■ 

13 and 52 mn, the peak correlation coefficients were 0.25. These occurred in a region 
with growing waves but upstream of the region with turbulent eddies. At s ■ 102 on, 
the peak correlation coefficients were 0.55 to 0.6. These occurred where large waves 
are beginning to break into eddies. The peak correlation coefficients decreased mono- 
tonieally with increasing s from s ■ 102 mm. The radial mass transport was radially 
outward in all regions except in the recirculation region where negative correlations 
occurred, corresponding to convective maos transport radially inward. The extent of 
this region can be more easily discerned from the correlation, Rvf profiles (Fig. 24) 
than from the radial mass transport profiles (Fig. 23) because the inward mass trans- 
port rates are low. 

Axial Direction 


Turbulent scalar (mass) transport is generally associated with the scalar (con- 
centration) gradients and a transport diffusion coefficient, m£ ■ -Cq Of/9x{). How- 
ever for some classes of flows with turbulent transport, notably atmospheric trans- 
port of heat, the scalar tranaport can be oppoaite the direction of the scalar gradi- 
ent. This class of scalar transport is denoted "countergradient'' transport and re- 
quires a "Rr.ynolds stress" formulation to calculate the scalar (mass) transport rate 
(e.g.. Ref. 12). Some of the axial mass transport rate measurements obtained in 
this study fall into the "countergradient diffusion transport" category. Discussion 
of these flows will relate the measured axial mass transport to the velocity shear 
field which produces the mass transport mechanism. 

The axial mass transport rate, uf, profiles are presented in Fig. 25. The isost 
important feature on these figures ia the negative mass turbulent transport which 
occurred in the central region of the teat section at s ■ 51, 102, 152 and 203 mm from 
the inlet plane. Note the axial siasa transport rate decreased from near sero at s ■ 

13 mn to a minimum level at z ■ 152 mm from the inlet plane. Through the region of 
the test section, the inner stream mass concentration decreased with increasing axial 
location (see Fig. 18). Note that Che peak absolute values of the axial transport 
rates were higher than Che values for the radial transport (Fig. 23) even Chough the 
peak radial concentration gradients were approximately five times the axial concen- 
tration gradients. 

The countergradient transport processes can be explained by considering the shape 
of the axial velocity profiles in the countergradient transport region (Fig. 11) and 
the eddy structure associated with the momentum transport. In the region idiere the 
inner jet was being accelerated by the annular jet, the large eddies in that velocity 
shear layer near the centerline were rolling with the negative fluctuating axial 
velocities near the inner jet fluid. The result was that preferred rotetional orien- 
tation of these eddies retard the flow in a streamwiae c erection and consequently 
resulted in uf < 0 and hence countergradient mass transport. 

Sketches of the regions with both countergradient and gradient axial mass tur- 
buelnt transport and both axial velocity accelerations are shown in Fig. 26. The 
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region with countergrad ienc maaa turbulent tranaport (H2) waa apparently larger than 
the region where the flow from the inner jet was accelerated by the flow from the 
annular jet (V2). This difference in region aiae may be due to the reaponae time or 
diatance required to change the character of the turbulent structure. 

The correlation coefficient, I\,f, profiles presented in Fig. 27 show the develop- 
ment of the axial mass transfer distribution at the Irv axial turbulent mass transfer 
rate more clearly than the local transport rate measurements. At x ■ 13 mm, all the 
axial transport for r/Rg <0.3 was downstream. At a ■ 51 imn, the axial turbulent 
transport was downstream in the portions of the shear layer, r/Rg < 0.14, where the 
inner jet is accelerating the shear layer between the inner and annular jet. The 
axial turbulent transport was negative (upstream) in the inner jet-annular stream 
shear layer where the annular stream fluid was accelerating the shear layer fluid. 

The peak negative value of the correlation coefficient increases from -0.6 at a ■ 102 
to ^0.25 at z ■ 305 mm. Note that the peak of the negative correlation coefficients, 
Ryf, occurred near the maximum radial gradient in the concentration profiles. 

Azimuthal Direction 


The azimuthal mass transport rate and the correlation coefficient profiles at 
z ■ 102 and 203 mm are presented in Fig. 28. As expected for this nominally axisym- 
metric flow, the transport rate was close to zero and the correlation coefficients 
at z ■ 203 mm were the order of the scatter observed in the radial and axial mass 
transport results. The correlation coefficient at z * 102 mm near r/R^ ■ 0 may be 
high due to errors in location or small asymmetries in the location of the physical 
centerline of the jet. The radial mass tr.'.nsport data was obtained with the same 
optical setup but with a traverse vertically through the test section center. Mis- 
alignments of 0.5 mm (or 1/2 the probe volume length) s.uld have caused the radial 
mass transport correlation coefficient to be approxim^^ ,ly 0.2 at z ■ 102 mm (see 
Fig. 24), No explanation for the values of R,,^ ■ 0.15 for z ■ 102 and r/R^ ■ 0.3 
is apparent except that the overall mass tranaport at that location is low. 


21 


R61-915540-9 


DISCUSSION OF SKEWNESS. KURTOSIS AND 
AUTOCORRELATION RESULTS FOR VELOCITY 
AND CONCENTRATION PROBABILITY DENSITY FUNCTIONS 

Although mean and fluctuating velocity and concentration diatributiona and trana* 
port rate diatributiona are required to evaluate the accuracy of predictiona with a 
given turbulent tranaport model, they do not provide the inaight required to determine 
where the deficienciea in a turbulent tranaport model are located. Examination of 
the probability denaity functiona for each data aet (data acquired for each location) 
can ahow if the experimental conditiona are compatible with the aaaumptiona in cur- 
rent or propoaed modela. The experimental techniquea and the computer baaed data 
acquiaition ayatema employed in thia atudy permitted the examination of theae p.d.f.a 
and the determinationa of their akewneaa and kurtoaia parametera uaed to characterixe 
the ahape of the p.d.f.a. Typical reaulta from thia portion of the atudy are preaen- 
ted in thia and the following aection. The akewneaa and kurtoaia for each available 
deta aet are preaented in Table IV. 

Typical Probability Denaity Functiona 

Velocity and concentration probability denaity functiona (p.d.f.a) were plotted 
for data aeta obtained at aelected radial locationa at a • 103 mm from the inlet 
plane. Thin axial location waa choaen for more detailed analyaia of the flow charac- 
teriatica becauae the momentum and maaa tranafer ratea are high at thia location. 

Theae data were obtained aa part of the momentum and maaa tranafer data acquiaition; 
conaequently the axial and radial velocity p.d.i.a were compriaed of data from two 
different runa. The concentration p.d.f.a are compriaed of data from the maaa trana- 
port rate meaaurement in three directiona. The mean quantity, rma variation from 
the mean, the akewneaa and the kurtoaia (or flatneaa factora) tabulated are averagea 
from the number of runa cited in each figure. The data from the runa waa plotted to 
preaent a com,ioaite picture of the p.d.f. at each location. 

The mean valuea and central moawnta of each parameter were defined uaing the 
noioenclature of Ref. 13. The apecific definitiona for each term are preaented in 
Appendix II. 

The axial velocity p.d.f.a (Fig. 29) ahowed aignificant changea with radial lo- 
cation. Several apparent relationahipa between the akewneaa and kurtoaia for the 
ahear layera at a ■ 102 and 203 mm can alao be diacerned. Firat. the p.d.f.a at 
r/Ro ■ 0.0 and 0.1 were akewed to the higher velocity region. On the average, flow 
at theae locations waa accelerated axially. At r/R^ ■ 0.33. the p.d.f. waa akewed 
toward the lower velocitiea. On the average, fluid at thia radiua waa decelerated 
by the ahear layer between the jeta. At radiua ratioa of 0.3 and 0.6, the p.d.f.a 
were nwre aymmetric and had kurtoaia cloae to that for Cauaaian profilea. Thia latter 
region had an almoat conatant velocity gradient and almoat constant turbulent momentum 
tranaport rate. 
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Although th« radial valocity p.d.f.a (Fig. 30) ahowod last variation with radial 
location than the axial valocity p.d.f.a, thay did hava aavaral varying faaturaa. 

At r/Ro ■ 0.0, tha p.d.f. waa sharply paakad at v ■ 0. Approxinataly 80 parcant of 
the radial valocity saaplas lia batwaan 1 .1 n/s. Tha tails on aach sida of tha 
paak cause the kurtosis to be relatively high, i.a., Ky ■ 7.2. Tha sacond cantral 
moment, u', incraased as r/Ro incraases. 

tha asimuthal velocity p.d.f.a (Fig. 31) had less variation with radial location 
than either the axial or radial velocity p.d.f.a. Tha only significant change was the 
increase in w* with increasing radius (as did u* and v'). 

The inner-jet fluid concentration p.d.f.a arc presented in Fig. 32. These 
profiles show the range of the concentration fluctuations which occurred at four 
radial locations. Each of the profiles shows unique features which were characteris- 
tic of specific vegions of the flow. At r/R^ “ 0.1, t!'? p.d.f. had a double peak. 

This measurement location occurred in a region where the large eddies had high or low 
concentration of inner jet fluid. The mean concentration value was 0.69 which 
occurred between the two peaks. The skewness factor was -5.1 which is a value larger 
than any obtained for the velocity profiles. However, the kurtosis had a value of 
only 2.2, which is closer to the value of 1.8 for a square p.d.f. profile than tha 
value of 3.0 for a Gaussian p.d.f. profile. 

The concentration p.d.f.a at r/R^ ■ 0,0 and 0.35 were obtained from iseasuremants 
on the inner and outer edges, respectively, of tha mean concentration profiles. At 
r/Ro ■ 0, the most ptobable inner jet fluid concentration was near 1.0. Tha tail of 
the p.d.f. was skewed toward the lower concentrations. The values of Sf and Kf were 
-2.6 and 12., respectively. At r/Ro ■ 0.35, the most probable inner stream concen- 
tration was 0.0. However, the tail of the p.d.f. was skewed toward values near 0.5. 
The ske%mess and kurtosis were 4.4 and 37.0, respectively. Mote the precipitious 
slope of the concentration p.d.f. at values of less than 0.0 which was the shape 
expected for an ideal seed and measurement system. 

The inner jet fluid concentration p.d.f.a show probabilities, M(f)/Mo, greater 
than 1.0 and less than 0.0, the limits for tha inner jet concentration. Tha concen- 
tration measurements less than 0.0 were attributed to photoesiltiplier raise sod tast- 
poral shifts in the photomultiplier dark current. The concentration measurements 
greater than 1.0 were attributed to nonuniformity of the dye/ inner-jet water mixture 
9’:^ shifts in the inlet dye concentration as well as sero shift and dark current. 

The maximum magnitude of these effects can be estimated from tha concentration fluc- 
tuation measurements presented in Fig. 19 for s ■ 13 mm. For r/R^ <0.1, the inner 
jet concentration should we uniform st 1.0; the measured concentration fluctuation 
values were 0.05 to 0.06 for 0.3 < r/Rg < 0.4. The concentration should be uniform; 
at 0.0; the measured concentration fluctuations were approximately 0.01. 

Typical Skewness and Flatnesa Diatributions 

The skewness and flatness factors ’.'or the axial, tangential and asiamthal velo- 
city and the inner jet concentration distributions at s ■ 102 and 205 mm for the 
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inltt plan* are praaantad in Piga. 33 throt^h 35. Thcaa axial locations had rala* 
tivaly high and aodarata noawntun tranaport rataa, raapactivaly, and tharafore, 
auitabla for conpariaon. Raaaarchara ra^iring Mora inaight into th« radial varia- 
tion of tha afcawnasB and kurtoaia of tha valocity eonponanta and concentrationa at 
other axial locationa can obtain the data from Table IV. 

Axial Valocity 

The akawneaa and kurtoaia profilaa for tha axial valocity maaauraaMnta at a ■ 

102 an (Fig. 33) ahou that tha valocity p.d.f.a had poaitiva aketmaaa in the canter 
region (r/Rg < 0.20). Ihia indicated the longer taila of tha p.d.f.a are in the 
poaitiva velocity direction; a fev eddiea of fluid with higher axial velocitiea 
penetrated into the inner jet region to accelerate the flow. The akewneaa factora 
for 0.2 < r/Ro < 0.5S arc negative which indicatea the longer taila of the p.d.f.a 
were in the lower velocity direction. The kurtoaia tended to be greater than 3.0, 
the value for a Cauaaian diatribution, when the akewneaa factor deviated from aero. 

The kurtoaia, Xy, for r/Ro * 0.2 and 0.65 were leaa than 3.0 idtich indicatea a ten- 
dency toward a flat top on the p.d.f. (aee Fig. 29, r/Ro “ 0.2). 

The axial velocity akewneaa and flatneaa factor profilaa at a ■ 203 an had leaa 
variation from 0.0 and 3.0 reapectively, than the profilaa for a “ 102 an. Note that 
the axial velocity profile at 203 aaa (Fig. 14) had leaa ahear than tha profile at 
a ■ 102 an. The aame relationahipa bet%feen Su and Ku aa deacribed for a ■ 102 am 
appear to have occurred at a ■ 203 am. For 0.15 < r/Ro < 0.6, the Su valuea are 
negative for 0.1 < r/Ro < 0.6 but with a aaich amaller magnitude than at a ■ 102 am. 

The variation of the akewneaa and kurtoaia from 0 and 3 waa in the aame direction aa 
for a ■ 102 but with leaa deviation. 

The variation of the akewneaa and kurtoaia, from the valuea for a Cauaaian p.d.f., 
appeared to be correlated to the 'local curvature of the axial velocity profile. The 
relationahip ia that Su > 0 if a^U/9r^ > 0 and $u < 0 if < 0. The kurtoaia 

ia alao related to the curvature of the axial velocity profile. Vftten the abaolute 
value of curvature ia high, the kurtoaia ia alao higher than occura for a Cauaaian 
p.d.f. When the curvature paaaca through aero, the kurtoaia decreaaea and the p.d.f. 
bccoiBca flatter. The magnitude of the deviationa from the valuea for a Cauaaian 
p.d.f. alao appeara to be proportional to the magnitude of S^U/dr^. 

The forcaientioned relationahipa may not be univeraal but cxiated for the flow at 
thcae two axial locationa. The poaitiva akewneaa, Su > 0, at a ■ 102 mm occurred 
where the curvature of axial velocity profile ia poaitiva, i.e., 9^U/dr^ > 0. The 
negative akewneaa occurred when the curvature of the axial velocity profile ia nega- 
tive, i.e., 3^U/dr2 < 0. Likewiae, the valuea of the kurtoaia at a ■ 102 mm were 
leaa than 3.0 where the curvature waa near aero, i.e., a^U/ar^ s 0 at r/Ro * 0.2 and 
0.6. The deviation of and from 0 and 3 reapectively, at a ■ 203 mm were not 
ea large aa at a ■ 102 mai but were compatible with the atated hypotheaia. Near 
r/Ro ■ 0, the curvature of the axial v.locity profilaa waa poaitiva but the magnitude 
waa amall. The compoaite akewneaa profile at r/R^ “ 0 appeara to be equal or greater 
than zero which ia alao compatible with the atated hypotheaia. 
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Radial Velocity 

The ske%me88 and kurtoais ?€ the radial velocity profiles are presented in Fig. 
34. The skewness factor of the radial velocity p.d.f.s approached zero at r/R^ ■ 0, 
as expected for axisymnetric flow. At z > 102 mn, the skeimess was negative or near 
zero for the region r/R^ <0.5 vAiere the radial velocity curvature was less than 
zero, i.e., 3^U/dr^ < 0. Values of kurtosis greater than the Gaussian value of 3.0 
occurred when the skewness deviated appreciably from zero. 

Azimuthal Velocity 

As might be expected for axisymmetric flow, the skewness factor, S^, profiles 
for the azimuthal velocities at both z ° 102 and 203 mm were near zero at all radii 
(Fig. 35). However, the flatness factors, K^, deviated from the Gaussian value of 
3.0 in the regions where the axial and radial velocity profiles had nonzero values 
for skewness and had flatness factors greater than 3.0. 

Inner Jet Concentration 


The skewness and flatness factor profiles obtained from the concentration data 
at z » 102 and 203 mm are presented in Fig. 36. These data were obtained from two 
sets of mass transport concentration measurements: uf and vf. 

At z ■ 102 ram, the values of Sf for r/R^ < 0.15 were negative, indicating the 
tails of the concentration p.d.f.s were toward low values of f (see Fig. 32). At 
z ■ 102 mm and r/Rg » 0.4 the skewness factor reached a value of 4 to 6. These 
values were higher than the skewness factors obtained for the velocity p.d.f.s. At 
z * 203 mm, the skewness factor was positive with a value of approximately 1 or more 
all radius ratios. Thus the tails of the p.d.f.s indicated a few occurrences of high 
inner- jet fluid concentration. 

The flatness factor or kurtosis profile at z » 102 mm has an interesting varia- 
tion. Near r/Rg “ 0, Kf was approximately 20, decreased to approximately 2 at r/Rg ■ 
0.1, increased to approximately 50 at r/Ro * 0.4, and decreased to approximately 
r/Ro 0.6, the mean concentration level was 0.04 to 0.05 and the concentration fluc- 
tuations, r', had the same level. The motion picture frames (Fig. 10) from the flow 
visualization study, photographically show the magnitude of the eddy size and the 
variation in inner jet concentration. 

Autocorrelation Measurements of Concentration 

Autocorrelation measurements of the concentration photomultiplier signal were 
obtained at several radial locations for z ■ 102 nan in an attempt to obtain a quanti- 
tative measure of the axial scale of the large eddies. Results obtained at r/Rg ■ 
0.0, 0.10 and 0.21 are presented in Fig. 37. Although the large eddy structure was 
discernible in the flow visualization motion pictures and on the LIF photomultiplier 
output, the autocorrelations did not show that a dominant frequency occurred in the 
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flow. The correlation RfCr) ■ 0 occurred at 20 to 25 ms for all three radial loca- 
tions. At r/Ro ■ 0.1, a secondary peak in the autocorrelation occurred at t " SO ms. 
This period for large scale eddies was in the range observed in the motion pictures, 
i.e., wavelengths of 20 to 100 im with convective velocities of 1 to 1.5 m/sec. From 
the autocorrelations it was difficult to determine other times, T, where significant 
peaks in the correlation coefficients occur. 

Stability studies of this axisymmetric flow are currently being conducted at UTRC 
under Corporate sponsorship. The preliminary results indicate several axisymmetric 
disturbance modes with high spatial growth rates can occur with the velocity profile 
at s *■ 102 mm. The results also indicate that growth rate remains constant over a 
large range of cyclic frequencies, rather than reaching a peak and decreasing toward 
a cutoff frequency as occurs for the plane shear layer (e.g.. Ref. 14). A tentative 
conclusion from the analytical results is that this coaxial flow with reci'*''ulation 
does not have a preferential large eddy wavelength but rather a range of disturbance 
wavelengths which can develop into large eddy structure. 
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DISCUSSION OF SKEWNESS AND FLATNESS RESULTS FOR MASS 
AMD MOMENTUM TRANSFER PROBABILITY DENSITY FUNCTIONS 

Typical Transport Rate Probability Density Functions 

Data from the turbulent momentum and transport measurement at z ■ 102 mm were 
plotted for the same data sets used in the presentation of the velocity of the velo- 
city and concentration p.d.f.s. The locations selected include data typical of that 
obtained at high turbulent mass and momentum transport rate locations. 

Momentum Transport 

The probability density functions for the momentum transport in the r-z plane 
are presented in Fig. 38. These p.d.f.s all had the peaked distributions about the 
zero uv momentum transport rate. This shape of momentum rate p.d.f. also occurs in 
turbulent boundary layers (Ref. 15). The p.d.f.s all had the two highest probability 
of occurences, M(uv)/Nq, in the probability bins adjacent to uv ^ Q. 

Radial Mass Transport 

Probability density functions of the radial mass transport data re presented in 
Fig. 39. The data obtained at r/Ro * 0.1 and 0.2 had high mean turbulent mass trans- 
port radially outward. The mean turbulent radial mass transport rates at r/Ro * 0, 
0.35, 0.5 and 0.6 were an order of magnitude less than the highest rates at r/Ro * 

0.1 and 0.2. Although the p.d.f.s for r/R^ » 0.1 and 0.2 were skewed toward positive 
values, the most probable occurrence was the negative bin adjacent to the zero trans- 
port rate. For all the data shown, the peak transport rate occurred at the smallest 
values of vf near zero with the sign opposite the mean turbulent radial transport 
direction. For the locations with the high mean turbulent transport rates, the 
p.d.f.s and the higher amounts, Svf and Kyf, were well behaved and in the general 
range expected from Gaussian p.d.f.s of the velocity and concentration distributions 
with reasonable correlation coefficients. Although the p.d.f. at r/Ro * 0.35 had the 
same general shape as these at r/Ro O.l and 0.2, the skewness and kurtosis, Syf and 
Kyf, were large. These large values may have been due to the low turbulent intermit- 
tency factor for the mass transport that occurred as a result of the large eddy 
structure at this location (see Fig. 10 for flow visualization of this phenomena). 

Axial Mass Transport 

Probability density functions (p.d.f.s) of the axial turbulent mass transport 
rate for five radial locations are presented in Fig. 40. At all radial locations, the 
net mass transport was negative and the skewness factors were negative. For four of 
the five p.d.f.s including the two with high turbulent transport, the most probable 
turbulent transport rate was the smallest positive transport rate bin, uf « -fO.02 m/s. 
For the two locations with the highest transport rate (r/R© ■ 0.1 and 0.2), 60 per- 
cent of all the transport occurrences were at that rate. For r/Ro ”0.1 and 0.2, the 
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probability of occurrences, N(uf)/Ng at uf ■ 0.02 was also more than twice as high as 
at uf “ -0.02. these statements were also true for the radial transport at the same 
location. 

Asimuthal Mass Transport 

Probability density functions for the turbulent azimuthal mass transport data 
are presented in Fig. 41. Compared to the radial and axial mass transport p.d.f.s, 
the distributions on either side of wf 0 were reasonably symnetric. For a non- 
swirling axisynmetric flow, the mean azinnithal mass transport rate and the skewness 
should be zero at all locations; the kurtosis would be expected to be the same order 
of magnitude as the kurtosis for the turbulent axial and mass transport p.d.f.s. 

I^pical Transport Results 


Momentum Transport 

The second central moment (or rms fluctuation from the mean) of the turbulent 
transport in the r-z plane, o^y, are presented in Fig. 42. This quantity previously 
was used to analyze and evaluate the turbulent transpor£_process in boundary layers, 
e.g.. Ref. 16. A comparison of the values of oyy with uv from Fig. 24 show that 

Oyy was always at least a factor of two greater than uv. Ratios of Cyv/uv approxi- 

mately equal 3 were previously reported for boundary layers (Ref. 16). At z • 13 
and 51 mm, the minimum values of yy occurred in the core regions of the inner and 
annular jets. In these regions, the large scale eddy structure with accompanying 
large values of <7yy were not yet developed. 

Skewness and kurtosis profiles (Syy and Kyy) for z ■ 102 and 203 mm are presented 
in Fig. 43. At z * 102 mm, the skewness factor varied across the shear layer depend- 
ing on the local shear direction. The skewness factor should have approached zero at 
r/Ry * 0 due to the zero shear stress at that location and synmetry of the flow. At 
z “ 203 ram, the peak value of the skewness factor occurred at r/Ry = 0.3 although 
the peak shear stress rate occurred at r/Ry * 0.7 (Fig. 22). The flatness factors, 

K^y at z " 102 mm varied across the shear layer. The values for r/Ry =0.0 ranged 

from 30 to 70. The values of Kyy at r/Ry = 0.2, which was the location with the 
peak negative shear, decreased to values of approximately 10. Near the zero shear 
location, r/Ry ~ 0.3, the flatness factor Kyy increased to 50. At z ■ 203 mm, the 
flatness factor varied from 10 for r/Ry near zero to 25 at r/Ry ~ 0.7 (the peak shear 
region). 

These flatness factor results are similar to the results obtained in a turbu- 
lent boundary layer by Gupta and Kaplan (Ref. 17). For the boundary layer, values 
of the flatness factors were approximately 3 in the logarithmic shear region and 
increased to values above 40 in the low shear region at the edge of the boundary 
layer. 
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Radial Mass Transport 

The second central moments of the turbulent axial mass transport rate p.d.f.s 
obtained at z ■ 102 and 203 mm are presented in Fig. 44. These second moments, 
were generally less than the second moments for the axial mass transport rate, 

This result was compatible with higher rms fluctuations being obtained for the axial 
velocity component than for the radial velocity component (Figs. 15 and 16). 

The skewness of the radial mass transport rate profiles (Fig. 45) show that 
large values of skewness were obtained for Syf than either S^f or S^y. This increase 
in skewness was greatest where the radial mass transport rates were low, at r/R^ ■ 

0.05 and 0.35 at z 203 mm. The kurtosis, Kyf, was also high where the skewness 
was large. At z ■ 203 mm, the skeimess increased from a value of zero at r/R^, =^0 
and reached values of 4 to 6 for r/Rg = 0.5 (locations where the concentration, f, 
is low and the concentration fluctuation, f, are relatively high). The kurtosis 
also increased from values of approximately 8 at r/Ro “ 0 to values above 40 for 
r/Ro ~ 0.5. 

Axial Mass Transport 

Profiles of Oyf, the rms variation from the mean turbulent axial transport, uf, 
at z » 102 and 203 are presented in Fig. 46. The peak values of were approxi- 
mately twice the values of the peak values of uf (Fig. 25). This ratio was less 
than the corresponding ratio for the momentum transport measurements. These relation- 
ships may be associated with the result that the peak correlation coefficients for 
the axial mass transport were greater than the correlation coefficients for the 
momentum transport measurements. 

The skewness and flatness factor profiles for the turbulent axial mass transport 
measurements at z ■ 102 and 203 mm are presented in Fig. 47. At z ■ 102 mm, where 
the axial mass transport was in the countergradient direction, the skewness factors 
were negative. The peak flatness factors were 50 to 200, the largest values obtained 
in this study and occur at r/R^ ~ 0 and 0.4 vdiere the axial mass transport rate was 
negligible. The minimum kurtosis occurred at r/R^ - 0.2, where the axial mass trans- 
port rate was high. At z ■* 203 mm, the skewness factors in the high axial mass 
transport region were 1 or less. However, Syf increased to 2 in the region where the 
shear was high and the axial mass transport was low. The kurtosis of the turbulent 
axial mass transport rate p.d.f.s varied from 7 to 10 in the high axial mass transport 
rate region to more than 20 at r/R^ >0.65 where the axial mass transport rates and 
mean concentrations were low. 

Azimuthal Mass Transport 

The second central moment, skewness and kurtosis for several turbulent azimuthal 
mass transport p.d.f.s at z ■ 102 mm are presented in Fig. 48. The central moment 
results were approximately equal to those for the radial mass transport (Fig. 44). 

The skewness results were near zero at all radii except for R/R^ * 0 where the value 
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of -2.8 was obtained. For an axisyimetric flow, akeimeas values equal sero were ex 
pected. The large skewness at t/Kq ■ 0 was attributed to possible errors in probe 
volune location. Recall the akeimeas vlaues for vf increased to large values near 
sero (Fig. 45) and the optical arrangements for the radial and asimuthal mass trans 
port rate measurements are identical with the exception of the traverse path. Ute 
kurtoais for wf waa in the aame range as that obtained for uf. 
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SUMMARY OF RESULTS 

Qualitative and quantitative studies were conducted of the flow downstream of 
coaxial jets discharging into an expanded duct. The ratio of annular jet diameter 
and duct diameter to the inner jet diameter were 2 and 4, respectively. The inner 
jet peak velocity was approximately one-half the annular jet peak velocity. Results 
from the studies were related to the four shear regions within the duct: (1) wake 

region downstream of the inlet, (2) shear layer between the jets, (3) recirculation 
region, and (4) reattachment region. 

Flow visualization studies were conducted using dye as a trace material and 
high-speed motion pictures to record the dye patterns in selected r-z and r-6 planes. 
Following are the principal results from this study: 

1. The flow was as axisymmetric and swirl-free as could be determined visually. 

2. The larger scales of the turbulent structure were observed to grow from 
the width of the wake region downstream of the inner jet tube to a large fraction of 
the duct diameter immediately upstream of the reattachment zone. 

3. The turbulent eddies were not axisyimnetric or periodic at any location 
within the duct. The large scale waves and eddies appeared to have a range of wave 
lengths . 

4. Vortex pairs of secondary eddies were observed in the r-6 plane in the region 
where the shear layer between the jets was developing. 

A detailed map of the velocity, concentration, mass transport rate and momentum 
transport rate distribution within the duct was obtained to provide data for the 
evaluation and improvement of turbulent transport models. Data sets of two velocity 
components pairs were obtained simultaneously to determine momentum transport rate 
and velocities. Data sets of velocity and concentration pairs were obtained simul- 
taneously to determine mass transport rate, concentration, and velocity. Probability 
density functions (p.d.f.s) of all the forementioned parameters were obtained from 
the data sets. Mean quantities, second central moments, skewness and kurtosis were 
calculated to characterize each data set. Following are the principal results from 
this study: 

5. The axial and radial velocity profiles documented the changes in the shear 
regions within the duct. 

6. The mean and fluctuating concentration profiles documented the inner jet 
fluid distribution within the duct. 

7. The turbulent momentum transport rate measurements in the r-z plane documented 
the local momentum fluxes due to turbulent mixing. Correlation coefficients were de- 
termined for each measurement location and data set. 
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8. Countergradient turbulent exlel maae transport was neasured in the shear 
region between jets. The peak axial mass transport rates were greater than the peak 
radial mass transport rates even though the axial concentration gradients were 
approximately one-fifth the radial gradients. 

9. The countergradient turbulent axial aiass transport was related to the gene- 
ral direction of the eddies between the inner and annular jets. The countergradient 
axial mass transport occurred when the annular jet was accelerating the inner jet 
fluid. 


10. Turbulent axial mass transport correlation coefficients as high as 0.6 were 
measured. These correlation coefficients were greater than the peak momentum trans- 
port or radial mass transport correlation coefficients. 

11. The skewness and kurtosis of the momentum transport p.d.f.s in the peak 
shear region were approximately the same as previously measured in turbulent boun- 
dary layers. However, the kurtosis in the low shear region was greater than previ- 
ously measured in the wake region of the turbulent boundary layers. 

12. The skewness of the axial velocity p.d.f.s was related to the curvature of 
the axial velocity profiles. S^ < 0 was obtained for 3^U/ar2<0; S„ > 0 was obtained 
for 3^U/3r2>0. The sketmess was also proportional to the magnitude of 3^U/3r^. 

13. The peak values of kurtosis for the mass transport p.d.f.s were greater 
than the peak values for the momentum transport p.d.f.s. 

14. The kurtosis for all the transport rate p.d.f.s were an order of magnitude 
greater in the low transport rate regions, including the recirculation region, than 
in the high transport rate regions. 
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APPENDIX I 

FLOW VISUALIZATION RESULTS FOR ALL FLOW CONDITIONS 

Flow visualiBOtion atudles ware conducted prior to the selection of the flow con- 
dition for detailed data acquisition to determine the effects of the velocity ratio, 
on the flow characteristics within the teat section. 

Motion pictures were obtained in the r-s plane with the center of illumination 
at z ■ 100 and 200 nn and in the r-6 plane at t ■ 51, 102 and 203 on. (totion pic- 
tures with a frame speed of 500 per second were obtained for each flow condition for 
the following five conditions: 


Flow 

Inner Jet 

Annular Jet 

Inner Jet 

Annular Jet 

Condition 

Velocity, V^ 

Velocity, Va 

Flow Rate 

Flow Rate 


m/s 

ffl/s 

Epm 

gpm 

1 

0.52 

1.66 

6.2 

52.8 

2 

0.27 

1.66 

3.2 

52.8 

3 

2.08 

1.66 

24.6 

52.8 

4 

0.94 

1.51 

11. 1 

48.0 

5 

0.94 

2.87 

11.1 

94.8 


In the following paragraphs, the photographs presented in Figs. 10 and 49 to 
52 will be discussed. Discussion about the characteristics of Flow Condition 1 is 
repeated to form a basis for comparison. Where possible, the turbulent structure 
will be related to the shear regions shown schematically in Fig. 1, The motion 
picture frames chosen from each sequence were selected to show the largest scale of 
turbulence which occurred at each location. For some locations the large scale 
structure was intermittent. 

Ihe photographs of Flow Condition 1 are presented in Fig. 10. This flow condi- 
tion was the same as that for which data was acquired in Ref. 6. In the upper left 
photograph, the classical large eddy structure associated with shear layers could be 
discerned. The dyed inner jet fluid was moving slower then the annular jet; hence 
the eddies were "rolling" faster than the inner jet fluid. These eddies were asso- 
ciated with the shear layer between jets (Fig. 1). The upper right photograph shows 
the scale of the eddies containing inner jet fluid which occurred isnediately up- 
stream of the reattachment region (Fig. 1). The inner jet fluid intermittently 
filled most of the duct cross section. The r-0 plane photograph for a ■ 51 mm shows 
the size of the eddy structure in the wake region. At z ■ 102 mm, which was in the 
shear layer between the jets, the rsdial scsle of turbulence was increased and vor- 
tex pairs could be discerned from observation of the motion picture sequences. These 
vortex pairs were similar to the vortex pairs observed by the Califomis Institute 
of Technology fluid mechanics research group. The vortex pairs appeared to occur 
randomly both timewise and azimuthally in the shear layer between jets. At s ■ 152 mm 
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th« inner jet fluid distribution beceae swre three diaensionel then et the upstreea 
locetions. This locetion wes else in sheer layer between Jets. The largest scale 
structure with high dye concentrations occurred at a ■ 203 sss. This location was 
ionediately upstrean of the reattachnent cone where the annular jet fluid began to 
decelerate and flow toward the duct wall. At further downstream locations, the 
peak concentrations of the inner jet fluid were lower and the dye concentration 
more uniform across the duct r-6 cross section. 

The inner jet velocity, V^, for Flow Condition 2 was approximately half that of 
Flow Condition 1. As a result the wake region length was decreased and the classical 
large eddy structure of the shear layer between jets occurred at s ■ 51 mm. The 
r-e plane photograph showed dye filaments at the edge of the inner jet fluid which 
were associated with the vortex pair phenomena described for Flow Condition 1. The 
lack of axisymmetry in the shape of the inner jet fluid also occurred at s ■ 102 mm 
rather than at c ■ 153 naa for Condition 1. At c • 203 mn the radial extent of the 
diffuser inner jet fluid spanned the entire duct diameter. 

For Flow Condition 3, the inner jet velocity, V£, was four tiiaes that for Flow 
Condition 1. Thus, the inner jet was flowing faster than the annular stream. In 
the upper left photograph, the shape of the eddies in the shear layer between jets 
seem to be different than occurred for Flow Condition 1 2. The eddies were ob- 

served to roll in the opposite direction with a wave speed less than the inner jet 
fluid. In the right r-s plane photogra^, the site of the turbulent eddies was 
smaller than for the previous case. The reattachment cone was also moved downstream 
compared to Flow Conditions 1 and 2. At s • 51 mn and 102 nss the double-vortex 
structure could be discerned. At s ■ 203 mm the inner jet fluid concentration was 
decreased in some locations, but the large scale structure wttich occurred upstream 
of the reattachment zone had not yet formed. 

Flow Condition 4 wes chosen to obtain approximately equal peak velocities in 
the inner jet and annular stream. The flow rates were determined by ratioing the 
peak velocities and flow rates from Ref. 6 to the desired velocity ratio. The r-z 
photograph for z * 100 nn showed eddies in the shear region layer between jets that 
did not have a single "roll" direction. Observation of the owtion pictures showed 
rolls in both directions but with most of the direction previously associated with 
higher annular jet velocities. At z ■< 200 mm, the inner jet had large eddy struc- 
tures similar to that for Flow Condition 1. The reattachsMnt zone for Flow Condi- 
tion 4 was approximately 4 mm downstream of that for Condition 1. The turbulent 
structure in the r-6 planes at z ■ 102, 157 and 203 mm had slightly smaller eddy 
sizes than at the same axial locations for Flow Condition 1. 

Flow Condition 5 has approximately 75 percent greater velocity in both jets 
than Flow Condition 1. Within the ebility to discern flow characteristics from 
the high speed motion pictures, the turbulent structure of Flow Condition 5 was the 
same as Flow Condition 1. 

The flow visualization study showed the flows were as axisymmetric and swirl 
free as could be determined visually. Although the scale of the turbulent structure 
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was ralativaly largs, tha addiaa wara not axisynatric or pariodic. Iha larga 
scale waves and eddies appeared to have a range of wavelengths. The flows did not 
have bistable a»des or preferred asisMthal turbulent eddy orientations at any loca- 
tion including the reattachsMnt region. However, the scale of the turbulent struc- 
ture near the reattachment region was large idiich will require relatively long data 
acquisition tines to acquire stationary data seta. 
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APPENDIX II 

DEFINITIONS OF SKEWNESS AND KURTOSIS FOR 
VELOCITY, CONCENTRATION, AND TRANSPORT 
PRORABILITY DENSITY FUNCTIONS 

Terns in this appendix for the velocity components and concentrations are defined 

using the notation of Ref. 13 and conventional statistical methods. 

u Local instantaneous axial velocity component 

B(Q) Probability density function (p.d.f.) of 0 with properties 8(0) 0 

and /-«> B(u) du ■ 1.0 

U Mean value of axial velocity component defined: U ■ ftZ u B(u) du 

u Local instantaneous axial velocity fluctuation from the mean, defined: 

u - 0 - U 

0 |, or u' Second central moswnt of velocity u defined: ■ u'^ ■ u^ B(u) du 

Will also be denoted as rms fluctuation. 

^ nth central moment of velocity u defined: u** “ u° B(0) do 

Skewness of velocity component, u, p.d.f. defined: Su “ 

Kurtosis (or flatness factor) of velocity component, u, p.d.f. defined: 

«„ - 

In like manner, the mean, rsis fluctuation, skewness, and kurtosis for the radial 

velocity, azimuthal velocity and concentration arc defined. 

The second moments, skewness and kurtosis for the isoncntum and mass transport 

rates are defined in a similr.’.' manner. 

uv Local instantaneous momentum turbulent transport rate: (u~U)(v>V) 

B(uv) Probability density function (p.d.f.) of uv with properties B(uv) > 0 

and ftZ N(uv) d(uv) • l.O 

uv Mean value of turnulent momentum transport rate defined: uv ■ fZm (u"^) 

(v“V) b(uv) d(uv) 

(uv)' Local instantaneous fluctuation of momentum transport rate from mean, 

defined: (uv)' ■ uv - uv 
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Second central moment cf momentum transport rate: 

(uv)'^ B(uv; d(uv) 

(uv)*^ nth central moment of momentum transport rate: 

(uv)” « •/’!!« (uv)**^ B(uv) d(uv) 

Syy Skewness of momentum transport rate: S^^ ■ (uv)^/Oy^ 

Kyy Kurtosis of momentum transport rate: Kyy ■ 

In a like manner, the mean, second central moment, skewness and kurtosis for the 
momentum transport in the r-z plane and the mass transport in three directions are 
defined. 
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TABLE 1-1 

Components Used for Two-Component LV Measurements 

I. Laser Light Source 

Argon Ion Laser (Lexel Model 95) 

All lines, 1.0 watt power 
Etalon installed 
TEM^ mode 

II. LV Optics 

DISA Model 5500 Optics 
Beamsplitters (2) 

Bragg cell: 1 raHs effective frequency offser 

Backscatter unit: 2 color 

Optical filters 0.5145 and 0.4880 v>m wavelengths 
Field stop unit 
Beam spacing unit 
Beam expander 

Achromatic lens: 310 mm FL 

Photomultiplier tubes (2) 

III. Electronics 

LV Signal Processors - 2 (SCIMETRICS Model 800A) 

0.4 to 2.0 mHz range 
31 data window 

4/8 and 5/8 comparison for "good signals" 

Oscilloscope - 2 (Tektronics Model 465B) 

LV Data Handling Interface (UTRC design) 

Clock 

Coincidence check 

Computer (PDP 11/10) 

Floppy disk 

DECwriter III (1200 baud rate) 
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TABLE 1-2 

Components Used for LV/LIF Measurements 


I. Light Source 

Argon Ion Laser (Spectra Physics Model 164) 

0.4880 urn wavelength 
0.3 watts power 

II. LV/LIF Optics 
Transmitting Optics 

Polarisiation rotator (TSI 9102 12) 

Beamsplitter (TST 9115) 

Bragg cell: 1.0 mHz frequency offset (TSI 9180) 

Beam spacer (TSI 9113-22) 

Beam expander (TSI 9188) 

Transmitting lens (4> = 7.57 deg.) (TSI 9110) 
Concentration Data Acquisition Optics 
Backscatter unit (TSI 9140) 

Photomultiplier tube (RCA 7263) 

Wratten filter (Kodak #15) 

Velocity Data Acquisition Optics 
Backscatter unit (TSI 9140) 

Photomultiplier (TSI 9160) 

Collecting lens: 250 mm F.L. (TSI 9118) 

III. LV Electronics 

LV Signal Processor (SCIMETRICS Model 800A) 

0.4 to 2 mHz range 
3% data window 

4/8 and 5/8 comparison for "good signals" 
Oscilloscope (Tektronics Model 463b) 

2 units 

Minicomputer (PDP 11/10) 

Floppy disk 

DECwriter III (1200 baud rate) 

IV. LIF Electronics 

Current-to-Voltage Converter (UTRC design) 

Low Pass Filter 

2 KHz (Kronhite Model 3202) 

Oscilloscope (Tektronics Model 465B) 

A/D Converter (PDP LPS Unit) 

Computer controlled 
Digital Voltmeter (HP Model 3465A) 

Minicomputer (PDP 11/10) 

Same as for LV electronics 
LV Data Interface (UTRC design) 

Cloci; 
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TABLE II 

Table of Run Numbers from Which Data was Utilized for Tables and Figures 


Velocity Component or 
Transport Measurement 
Obtained 

Traverse 

Direction 

U, V, w 

Vertical 

U, M, uw 

Horizontal 

U, C, uc 

Vertical 

V, C, ^ 

Vertical 

W, C, w 

Horizontal 

U (only) 

± 45 deg 



59,68 


55 




Axial 

Location, 




13 

51 

102 

152 

203 

254 

305 

44,8 

17 

16,15 

20 

21 

72 

74 

9 

14 

18,23 

19,24 

22 

71 

73 

60 

61 

62 

63 

64 

66 

67 

45 

47 

52 

51 

50 

69 

70 



57 


10,11 
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TABLE III 

Figures on Which Results are Displayed 


Quantity 


Direction Central 
or plane Moment Symbol 






Concentration 



Momentum 

Transport 




Mass 

Transport 



Axial Location, z-mm 
Cl ~13 I 51 I 102 1153 I 203 1254 I 305 












14 14 

17 17 



f 

12 

f 


Sf 


Kf 








25 25 

27 27 



23 23 

24 24 













25 25 

27 27 

46 

47 
47 



mmi^ 



14 14 

17 17 






wmmmm 





25 

27 

25 

27 

23 

24 

23 

24 
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TABLE IV- 14 


AXIAL AND AZIMUTHAL VELOCITY DATA AND CORRELATIONS 

Test Date: 6/15/81 Run No.: 14 Flow Condition: 1 Geometry: 1 

Axial Location: 51 am (2.0 in.); x/Ro * 0.83 


1 

r 

♦(6-270) 

-(0-90) 

r/Ro 

u 

m/u 

«• 

m/m 

Su 

Ku 

W 

m/m 

w» 

m/m 

»w 

Kw 

U V 

■2/ s 2 


■2/ s 2 

Suw 

‘«w 

N 


0.7 

.011 

0.717 

.031 



.007 

.044 










3.7 

.061 

0.676 

.069 



.000 

.030 










6.8 

.111 

0.616 

.079 



.004 

.034 










9.8 

.161 

0.638 

.134 



.008 

.082 









5 

12.9 

.211 

0.888 

.188 



.003 

.148 









■1 

13.9 

.261 

1.243 

.169 



.024 

.132 









■1 

19.0 

.311 

1.443 

.091 



.007 

.060 









WM 

22.0 

.361 

1.491 

.064 



-.020 

.043 









■1 

23.1 

.411 

1.474 

.083 



-.030 

.063 









10 

28.1 

.461 

1.241 

.203 



-.026 

.159 









11 

31.2 

.311 

0.863 

.223 



-.027 

.215 









12 

34.2 

.361 

0.443 

.292 



-.031 

.199 









13 

37.3 

.611 

0.110 

.198 



-.029 

.176 









14 

40.3 

.661 

-0.013 

.141 



-.003 

.129 









13 

46.4 

.761 

-0.078 

.139 



-.011 

.127 









16 

32.3 

.861 

-0.073 

.141 



-.023 

.119 









17 

0.7 

.011 

0.706 

.057 



-.002 

.041 









18 

-2.4 

-.039 

0.724 

.049 



-.002 

.037 









19 

-3.4 

-.089 

0.700 

.063 



.002 

.043 









20 

-8.3 

-.139 

0.649 

.087 



.002 

.079 









21 

-11.3 

-.189 

0.843 

.170 



.023 

.139 









22 

-14.6 

-.239 

1.193 

.190 



.073 

.138 









23 

-17.6 

-.289 

1.438 

.103 



.069 

.080 









24 

-20.7 

-.338 

1.486 

.069 



.021 

.034 









23 

-23.7 

-.388 

1.483 

.097 



.003 

.071 









26 

-26.7 

-.438 

1.324 

.194 



.008 

.121 









27 

-29.8 

-.488 

0.901 

.276 



.001 

.191 









28 

-32.8 

-.338 

0.487 

.283 



.020 

.200 









29 

-33.9 

-.388 

0.187 

.239 



.038 

.161 









30 

-38.9 

-.638 

-0.030 

.135 



.016 

.138 









31 

-43.0 

-.738 

-0.067 

.122 



.029 

.098 









32 

-31.1 

-.837 

-0.128 

.1(1 



.020 

.081 









33 

0.7 

.011 

0.737 

.033 



.004 

.042 
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TABLE IV- 15 

AXIAL AND RADIAL VELOCITY DATA AND CORRELATIONS 


Test Date: 6/16/81 Run So.: 15 


Flow Condition: 


Geometry: 


Axial Location: 102 mn (4.0 in.); x/Rq * 1.66 


(S-0) 

(0*180) 

r/«o 

U 

•/a 

u’ 

»/■ 

0.5 

.008 

.780 

.123 

3.6 

.058 

.784 

.123 

6.6 

.108 

.860 

.170 

9.7 

.158 

1.005 

.194 

12.7 

.208 

1.212 

.201 

15.7 

.258 

1.370 

.187 

18.8 

.308 

1.491 

.146 

21.8 

.358 

1.372 

.184 

2A.9 

.408 

1.264 

.244 

27.9 

.458 

1.069 

.276 

31.0 

.508 

.821 

.309 

34.0 

.558 

.586 

.319 

37.1 

.608 

.342 

.321 

43.2 

.708 

-.032 

.279 

49.3 

.808 

-.187 

.228 

0.5 

.008 

.732 

.119 

-2.5 

-.042 

.742 

.134 

-5.6 

-.092 

.782 

,143 

-8.6 

-.142 

.889 

.170 

-11.7 

-.192 

1.047 

.193 

-14.7 

-.241 

1.229 

.179 

-17.8 

-.291 

1.351 

.161 

-20.8 

-.341 

1.396 

.169 

-23.9 

-.391 

1.316 

.212 

-26.9 

-.441 

1.133 

.268 

-30.0 

-.491 

.680 

.304 

-33.0 

-.541 
* ^oi 

.629 

.321 

-36.1 


»<|D1 


-42.2 

-.691 

.079 

.338 

-48.3 

-.791 

.029 

.202 


.008 

.723 

.088 


Su 

Kw 

V 

m/s 

V* 

•/a 

Sv 

1.318 

7.53 

-.019 

.123 

-1.627 

1.017 

5.83 

-.067 

.125 



.799 

3.39 

-.067 

.129 

-.870 
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TABLE IV- 16 


AXIAL VELOCITY . BADIAL VELOCITY. AND MOMENTUM TURBULENT TRANSPORT DATA AND CORRELATIONS 

Test Date: 6/17/81 Run No.: 16 Flow Condition: 1 Geometry: 1 

Axial Location: 102 ran (4.0 in.); x/Ro “ 1.66 


O' 


9 

r 

♦( 8 - 0 ) 

-( 8 - 180 ) 

r/to 

U 

a/s 


0.5 

0.008 

.768 


3.6 

0.058 

.768 


6.6 

0.108 

.840 

4 

9.7 

0.158 

.976 

5 

12.7 

0.208 

1.172 

mi 

15.7 

0.258 

1.368 

B 

18.8 

0.308 

1.493 

B 

21.8 

0.358 

1.459 

9 

24.9 

0.408 

1.333 

11 

31.0 

0.508 

.894 

12 

34.0 

0.558 

.663 

13 

37.1 

0.608 

.454 

14 

43.2 

0.708 

.006 

15 

49.3 

0.808 

-.205 

16 

0.5 

0.008 

.761 

17 

- 2.5 

- 0.041 

.785 

18 

- 5.6 

- 0.091 

.842 

19 

- 8.6 

- 0.141 

.957 

20 

- 11.7 

- 0.191 

1.132 

21 

- 14.7 

- 0.241 

1.292 

22 

- 17.8 

- 0.291 

1.422 

23 

- 20.8 

- 0.341 

1.473 

24 

- 23.9 

- 0.391 

1.381 

25 

- 26.9 

- 0.441 

1.168 

26 

- 30.0 

- 0.491 

.955 

27 

- 33.0 

- 0.541 

.707 

28 

- 36.1 

- 0.591 

.468 

29 

- 42.2 

- 0.691 

.074 

30 

- 48.3 

- 0.791 

-.209 

31 

0.5 

0.008 

.772 


u ’ 

>/■ 


S„ 


Ku 


V »• 

a/a a/s 


Sy 


Ky 


uv 

a2/s2 


«Tjv 

a2/a> 


124 

131 

158 

199 

204 
187 
135 
176 
253 
311 
319 
355 
348 
229 
126 
126 
156 
186 

205 
192 
176 
171 
237 
299 
319 
326 
.358 
.334 
.227 
111 


1.118 

6.38 

1.409 

7.36 

.903 

3.80 

.394 

2.67 

-.140 

2.67 

-.797 

3.24 

- 1.492 

6.97 

- 1.434 

5.80 

- 1.288 

5.44 

-.423 

3.17 

-.345 

3.12 

-.040 

2.70 

.135 

2.19 

.723 

3.40 

1.041 

5.45 

1.077 

6.04 

.833 

4.30 

.566 

2.97 

.196 

2.46 

.547 

3.05 

.752 

3.53 

1.329 

6.06 

- 1.356 

5.07 

-.651 

3.11 

-.398 

3.38 

-.173 

3.22 

-.209 

3.17 

.178 

2.42 

.621 

3.58 

.815 

7.11 


.001 

-.026 

-.043 

-.065 

-.071 

-.047 

-.017 

.013 

.046 

.068 

.059 

.049 

.008 

-.031 

.001 

-.042 

-.070 

-.072 

-.068 

-.058 

-.034 

.006 

.022 

.051 

.075 

.069 

.059 

.002 

-.047 

-.002 


.117 

.163 

.106 

- 1.019 

.119 

-.752 

.146 

-.401 

.137 

.059 

.146 

-.065 

.134 

-.025 

.149 

-.281 

.173 

-.678 

.222 

-.193 

.224 

.029 

.216 

.327 

.211 

.611 

.143 

.663 

.112 

.017 

.121 

- 1.234 

.141 

-.812 

.151 

-.493 

.164 

-.436 

.148 

-.010 

.152 

-.450 

.151 

-.348 

.182 

-.807 

.206 

-.267 

.227 

-.093 

.253 

.392 

.257 

-.040 

.208 

.753 

.132 

1.352 

.105 

-.403 


8.99 
5.89 
3.97 
2.87 
2.92 
3.86 
4.17 
5.02 
5.23 

3.40 

3.51 
4.00 
3.81 

3.57 
5.26 

5.41 

3.58 
3.46 
4.35 
4.21 
5.84 
5.38 
4.70 

2.99 
3.16 

3.42 

2.52 

3.99 
7.30 
7.94 


.0005 

-.0049 

-.0088 

-.0167 

-.0142 

-.0082 

-.0006 

.0064 

.0167 

.0277 

.0271 

.0379 

.0320 

.0126 

.0004 

-.0034 

-.0096 

-.0119 

-.0138 

-.0089 

-.0010 

.0054 

.0197 

.0314 

.0321 

.0349 

.0371 

.0268 

.0108 

-.0008 


.003 

-.355 

-.470 

-.576 

-.508 

-.300 

-.035 

.244 

.381 

.402 

.379 

.494 

.436 

.384 

.025 

-.225 

-.436 

-.424 

-.410 

-.313 

-.037 

.208 

.457 

.509 

.443 

.424 

.404 

.386 

.362 

-.070 


.030 

1.28 

.025 

- 3.14 

.023 

- 2.69 

.032 

- 1.85 

.030 

- 2.14 

.032 

- 1.07 

.028 

2.31 

.039 

3.94 

.063 

3.82 

.077 

1.15 

.078 

1.70 

.085 

2.42 

.072 

2.37 

.036 

2.27 

.022 

1.48 

.020 

- 1.45 

.029 

- 1.79 

.033 

- 3.73 

.031 

- 0.90 

.031 

- 0 . 2 t : 

.037 

3.03 

.044 

5.44 

.060 

3.68 

.(>68 

2.74 

.082 

0.38 

.093 

1.64 

.086 

1.53 

.077 

1.43 

.043 

4.63 

.023 

- 4.23 


41.23 

498 

31.49 

499 

15.73 

499 

10.08 

499 

11.90 

499 

19.01 

999 

50.58 

999 

49.91 

999 

36.09 

999 

13.24 

998 

9.71 

499 

11.58 

249 

18.72 

249 

12.71 

249 

25.26 

497 

23.51 

499 

21.51 

499 

39.55 

499 

6.92 

499 

15.49 

999 

48.19 

999 

66.56 

999 

23.45 

999 

17.49 

999 

18.81 

999 

12.76 

499 

7.24 

248 

9.09 

249 

32.22 

249 

67.05 

499 
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TABLE IV- 17 


AXIAL VELOCITY , RADIAL VELOCITY, AND MOMENTUM TURBULENT TRANSPORT DATA AND CORRELATIONS 

Test Date: 6/18/81 Run No.: 17 Flow Condition: 1 Geometry: 1 

Axial Location: 51 mm (2.0 in.); x/R© “ 0.83 


B 

r 

♦ (6-0) 
•(»-180) 

r/Ro 

u 

u* 

n/s 

Su 

Ku 

V 

■/s 

V* 

a/s 

Sy 

Kv 

U V 
■2/s2 

*uv 

OuV 

«2/s2 


Kuv 

N 


0.0 

.000 

.762 

.054 

-.253 

2.97 

.M2 

.041 

.131 

3.28 

-.0M2 

-.090 

.M2 

-0.05 

8.69 

4W 


3.0 

.OX 

.754 

.055 

-.4X 

3.29 

.Ml 

.OX 

-.M5 

3.72 

.OMl 

.062 

.M2 

-0.83 

18.x 

4M 


6.1 

.100 

.723 

.066 

-.4M 

3.M 

.M2 

.049 

-.337 

3.29 

.0006 

.175 

.M3 

2.77 

22.61 

4M 


9.1 

.IX 

.694 

.116 

1.137 

6.x 

-.039 

.114 

-.620 

3.23 

-.0047 

-.353 

.017 

-4.04 

31.24 

4X 

s 

12.2 

.200 

.927 

.174 

.371 

2.92 

-.049 

.IX 

-.211 

2.58 

-.0112 

-.473 

.025 

-1.47 

7.68 

4M 


IS. 2 

.2X 

1.297 

.185 

-.517 

2,75 

-.OX 

.IX 

.X7 

3.05 

-.0116 

-.4M 

.026 

-1.82 

8.06 

999 

B 

18.3 

.300 

l.SSl 

.087 

-1.753 

8.39 

-.029 

.M2 

.788 

5.47 

-.M17 

-.235 

.011 

-5.x 

69.40 

998 

Bi 

21.3 

.3X 

1.X9 

.066 

-.849 

l.X 

-.026 

.076 

-.760 

6.52 

.M14 

.273 

.006 

3.x 

25.64 

W7 

■1 

24.6 

.400 

1.506 

.124 

-1.X2 

7.47 

-.009 

.103 

-1.111 

8.33 

.MX 

.3X 

.021 

5.77 

55.86 

998 


X.S 

.500 

1.254 

.2» 

-.672 

3.28 

.029 

.IX 

-.809 

4.44 

.0145 

.409 

.048 

3.66 

x.m 

999 

12 

33. S 

.SX 

.841 

.276 

-.OX 

3.03 

.052 

.2M 

-.211 

2.71 

.0232 

.421 

.OX 

1.72 

11.86 

4M 

1 % 

M.6 

.600 

.482 

.256 

.108 

2.91 

.051 

.209 

-.091 

3.M 

.0262 

.489 

.OX 

1.35 

6.x 

249 

M 

42.7 

.699 

-.OX 

.m 

.427 

4.43 

-.021 

.IX 

1.405 

8.37 

.M75 

.278 

.OX 

2.25 

15.83 

M9 

IS 

48.8 

.799 

-.134 

.154 

-.204 

2.95 

-.OX 

.092 

.337 

4.74 

.0018 

.127 

.013 

-0.12 

7.14 

247 

El 

0.0 

.000 

.747 

.055 

-.X5 

3.x 

-.004 

.045 

-.075 

3.20 

.OOM 

.006 

.M3 

O.X 

10.27 

4M 

B 

-3.0 

-.OX 

.743 

.059 

-.373 

2.79 

-.M2 

.045 

-.468 

4.39 

.0004 

.IX 

.M3 

2.66 

23.75 

4X 

■ff 

— 6el 

-.IM 

.724 

.066 

-.528 

3.53 

-.Ml 

.048 

-.353 

3.06 

.0M7 

.2X 

.004 

3.17 

27.71 

4M 

D 

-9.1 

-.IX 

.689 

.OM 

.M2 

4.55 

-.OX 

.OX 

-1.078 

4.85 

-.0029 

-.X7 

.014 

-4.x 

35.M 

4W 

o 

-12.2 

-.200 

.906 

.IX 

.313 

2.x 

-.065 

.139 

-.622 

4.75 

-.0091 

-.413 

.022 

-1.04 

8.M 

4M 

Ifi 

-15.2 

~.2X 

1.249 

.170 

-.334 

2.76 

-.062 

.127 

.517 

3.x 

-.0092 

-.427 

.023 

-2.24 

13.x 

9M 

2S 

-27.4 

-.4X 

1.281 

.227 

-.732 

3.x 

-.031 

.155 

-.724 

4.46 

.0143 

.406 

.045 

5.69 

72.x 

999 

26 

-X.S 

-.500 

.826 

.285 

-.210 

2.81 

-.048 

.2M 

-.091 

3.15 

.0X2 

.510 

.065 

1.76 

9.04 

999 

27 

-33.5 

-.SX 

.413 

.268 

-.152 

3.14 

-.027 

.211 

.239 

3.03 

.0241 

.427 

.061 

1.92 

8.M 

4M 

28 

-X.6 

-.600 

.OX 

.2M 

.442 

3.M 

-.024 

.174 

.657 

3.35 

.0222 

.475 

.053 

1.79 

9.M 

X9 

29 

-42.7 

-.699 

-.IX 

.161 

-.053 

2.78 

-.051 

.092 

.9X 

7.78 

.0049 

.333 

.017 

2.16 

lO.X 

249 

X 

-48.8 

-.7X 

-.131 

.155 

-.121 

2.97 

-.032 

.069 

-.209 

4.x 

.M26 

.242 

.013 

2.19 

25.43 

248 

31 

-S1.8 

-.849 

-.111 

.148 

-.459 

3.69 

-.027 

.093 

2.272 

18.65 

.M23 

.170 

.010 

l.M 

9.97 

2X 

32 

0.0 

.000 

.753 

.057 

-.248 

2.71 

-.M2 

.041 

.210 

3.22 

.OMl 

.OX 

.002 

0.01 

10.97 

4M 
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TABLE IV- 18 

AXIAL AND AZlMinHAL VELOCITY DATA AND CORRELATIONS 


Test Date: 6/22/81 Run No.: 18 Plow Condition: 1 Geoaetry: 1 

Axial Location: 102 ■■ (4.0 in.); x/Ro “ 1*66 


Ft 

Ho. 

r 

«(«*270) 

-(•-90) 


U 

u* 

m/m 



W 

m/m 

m/m 

Su 


uv 

■2/»2 

*uw 

OViH 

m^/mi 

S|Hf 

Ryu 

H 


o.s 

0.008 

0.771 

0.1S4 

1.428 

6.98 

-0.004 

0.144 

0.377 

S. 16 






496 


3.6 

0.0S8 

0.783 

0.141 

0.681 

4.27 

-0.002 

0.12S 

0.162 

4.46 






498 


6.6 

0.108 

0.881 

0.201 

0.734 

3.89 

-0.001 

0.144 

0.044 

3.89 






499 


9.7 

0.1S8 

1.004 

0.198 

0.333 

2.82 

0.019 

O.ISO 

0.0S7 

3.S8 






499 

s 

12.7 

0.208 

1.173 

0.218 

-0.066 

2.48 

-0.002 

0.1S3 

0.0S7 

3.U 






499 

MM 

IS. 7 

0.2S8 

1.332 

0.187 

-0.S08 

2.82 

-0.001 

0.132 

0.186 

3.37 





• *»7 


18.8 

0.308 

1.4S1 

0.170 

-1.324 

s.ss 

-0.004 

O.llS 

*0.126 

3.75 






993 

Mm 

21.8 

0.3S8 

1.469 

0.187 

-1.S12 

S.71 

-0.019 

0.130 

-0.046 

S.44 






996 

■1 

24.9 

0.408 

1.363 

0.247 

-1.223 

4.S2 

-0.019 

0.179 

0.126 

S.08 






997 

11 

27.9 

0.S08 

I.ISO 

0.296 

-0.S48 

2.71 

-O.OOS 

0.222 

-0.052 

3. 33 






499 

12 

31.0 

0.SS8 

0.900 

0.308 

-0.286 

2.S6 

-0.002 

0.2U 

-0.131 

3.48 






499 

11 

34.0 

0.608 

0.694 

0.333 

-0.2S0 

3.10 

-O.OOS 

0.247 

0.094 

3.19 






499 

U 

37.1 

0.6S8 

0.472 

0.327 

-0.301 

2.96 

-0.041 

0.218 

0.170 

3.29 






249 

IS 

43.2 

0.708 

0.097 

0.300 

0.206 

2.S9 

-0.011 

0.196 

-0.018 

2.69 






249 

16 

49.3 

0.«I8 

-0.130 

0.246 

0.721 

4.41 

-0.020 

O.lSl 

-O.Ul 

3. 57 






249 

17 

O.S 

0.008 

0.768 

0.163 

0.882 

3.9S 

- 0.02S 

0.190 

-0.244 

4.90 






497 

18 

-2.S 

-0.041 

0.790 

0.130 

1.1S7 

6.07 

0.010 

0.120 

-0.179 

6.61 






498 

19 

-S.6 

-0.091 

0.842 

0.1S9 

0.700 

4.S2 

0.004 

0.134 

-0.016 

4.81 






497 

20 

-8.6 

-0.141 

0.939 

0.179 

0.224 

3.91 

0.021 

0.146 

-0.094 

3.79 






498 

21 

-11.7 

-0. 191 

1.140 

0.214 

0.173 

2.44 

0.027 

0.1S3 

-0.193 

3.00 






497 

22 

-14.7 

-0.241 

1.294 

0.20S 

-0.386 

2.67 

0.031 

0.148 

-0.176 

3.83 






993 

24 

-20.8 

-0.341 

1.46S 

0.177 

-1.299 

S.46 

0.022 

0.112 

0.270 

S.13 






999 

2S 

-23.9 

-0.391 

1.396 

0.229 

-1.092 

4.06 

0.028 

0.177 

0.16S 

4.69 






998 

26 

-26.9 

-0.441 

1.2S3 

0.271 

-0.811 

3.31 

0.012 

0.220 

-0.064 

3.78 






997 

27 

-30.0 

-0.491 

0.982 

0.33S 

-0.S07 

3.22 

O.OOS 

0.2S2 

0.2S7 

3.09 






499 

28 

-33.0 

-O.S41 

0.7S4 

0.341 

-0.102 

2.92 

0.024 

0.263 

-0.068 

2. 75 






499 

29 

-36.1 

-O.S91 

0.S20 

0.3S9 

-0.310 

3.26 

-0.003 

0.242 

-0.072 

3.21 






496 

» 

-39.1 

-0.641 

0.3SS 

0.388 

-0.1S8 

2.68 

0.0S3 

0.2SS 

-0.283 

2.69 






249 

31 

-4S.2 

-0.741 

0.001 

0.292 

0.309 

2.70 

0.031 

0.20S 

-0.102 

3.S9 






249 

32 

-Sl.l 

-0.841 

-0.231 

0.221 

0.646 

3.91 

0.041 

0.148 

0.147 

3. IS 






249 

33 

O.S 

0.008 

0.7S3 

0.132 

O.S43 

3.62 

0.001 

0.141 

-0.107 

6. 25 






491 
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TABLE IV- 19 


AXUL AND AZIMUTHAL VELOCITY DATA AND CORRELATIONS 


Test Date: 6/19/81 Run No.: 19 Flow Condition: 1 Geowetry: 1 
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TABLE IV-20 

AXIAL VELOCITY , RADIAL VELOCITY, AND MOMENTUM TURBULENT TRANSPORT DATA AND CORRELATIONS 

Test Date: 6/23/81 Rtin No.: 20 Flow Condition: 1 Geonetry: 1 

Axial Location: 152 mt (6.0 in.); x/Ro " 2.50 


'S 


-(e»iso) | 


f / R . 


0 

M/a 


M/a 


» 

M/a 


M/a 



M>/ai 


14 


O.S 

3.S 

6.9 

9.9 

13.0 
U.O 

19.1 

».l 

25.1 

26.2 

31.2 

34.3 

37.3 

43.4 


15 

16 
17 
16 

19 

20 
21 
22 

23 

24 

25 

26 
27 
20 

29 

30 

31 

32 


49.5 

52.6 

0.0 

- 2.3 

- 5.3 

- 0.4 

- 11.4 

- 14.5 

- 17.5 

- 20.6 

- 23.6 

- 26.7 

- 29.7 

- 32.0 

- 35.0 

- 41.9 

- 40.0 

- 51.1 


.012 

0.936 

.062 

0.979 

.112 

1.033 

.162 

1.101 

.212 

1.197 

.262 

1.247 

.312 

1.284 

.362 

1.244 

.412 

1.156 

.462 

1.052 

.512 

0.090 

.562 

0.725 

.612 

0.547 

.712 

0.193 

.812 

- 0.119 

.862 

- 0.177 

.012 

0.920 

-.037 

0.916 

-.007 

0.993 

-.137 

1.066 

-.187 

1.171 

>.237 

1.234 

-.287 

1.200 

-.337 

1.261 

-.387 

1.220 

-.437 

1.005 

-.487 

0.970 

-.537 

0.767 

-.587 

0.549 

-.687 

0.265 

-.787 

- 0.038 

-.837 

- 0.174 


0.193 

0.214 

0.207 

0.226 

0.224 

0.222 

0.229 

0.258 

0.294 

0.322 

0.361 

0.390 

0.381 

0.390 

0.290 

0.245 

0.194 

0.200 

0.200 

0.235 

0.217 

0.225 

0.212 

0.264 

0.270 

0.305 

0.321 

0.354 

0.412 

0.412 

0.364 

0.250 


0.313 

3.03 

0.185 

2.63 

0.046 

2.72 

- 0.050 

2.76 

- 0.272 

2.30 

- 0.624 

3.44 

- 0.773 

3.55 

- 1.020 

4.99 

- 0.897 

4.01 

- 0.805 

3.95 

- 0.691 

3.64 

- 0.432 

2.70 

- 0.507 

3.32 

0.054 

2.24 

0.624 

3.34 

0.304 

3 37 

0.257 

2.84 

0.260 

2.78 

0.106 

2.50 

- 0.163 

2.77 

- 0.250 

2.54 

- 0.530 

2.96 

- 0.486 

3.04 

- 0.809 

3.63 

• 0.900 

3.00 

- 0.604 

3.35 

- 0.369 

2.07 

- 0.375 

3.57 

- 0.424 

2.04 

0.181 

2.97 

0.567 

3.54 

0.750 

3.55 


- 0.011 

- 0.045 

- 0.050 

- 0.046 

- 0.046 

- 0.000 

0.007 

o.oa 

0.065 

0.000 

0.106 

0.105 

0.045 

0.010 

0.007 

- 0.019 

- 0.002 

• 0.017 

- 0.030 


0.105 

0.167 

0.167 

0.103 

0.177 

0.107 

0.193 

0.213 

0.230 

0.241 

0.260 

0.290 

0.297 

0.265 

0.228 

0.108 

0.163 

0.178 

0.165 


- 0.040 


- 0.016 

0.010 

0.023 

0.057 

0.066 

0.095 

0.076 

0.030 

0.063 

- 0.023 

0.007 


0.178 

0.175 

0.182 

0.178 

0.201 

0.222 

0.232 

0.236 

0.247 

0.317 

0.274 

0.261 

0.200 


0.060 

- 0.327 

- 0.405 

- 0.133 

- 0.473 

- 0.497 

- 0.535 

- 0.602 

- 0.479 

- 0.360 

- 0.303 

0.001 

0.133 

0.079 

0.289 

0.173 

- 0.312 

- 0.079 

0.100 

- 0.276 

- 0.215 

- 0.282 

- 0.182 

- 0.341 

- 0.354 

- 0.000 

- 0.216 

- 0.054 

- 0.558 

- 0.321 

- 0.906 

0.519 


3.02 

4.10 

3.65 

3.79 

3.44 

4.10 

3.73 

4.04 

3.41 

3.07 

3.31 

2.63 

2.54 
4.13 
3.09 

5.39 
4.59 

3.00 
3.62 
3.83 
3.18 
3.91 

4.00 
3.96 
3.90 
3.24 

3.39 

3.40 

4.54 
2.70 
6.33 


- 0.0030 

- 0.0124 

- 0.0122 

- 0.0119 

- 0.0000 

0.0003 

0.0066 

0.0141 

0.0219 

0.0314 

0.0414 

0.0560 

0.0412 

0.0276 

0.0269 

0.0090 

0.0017 

- 0.0039 

- 0.0070 

- 0.0115 

- 0.0069 

- 0.0005 

0.0005 

0.0125 

0.0210 

0.0268 

0.0324 

0.0377 

0.0595 

0.0547 

0.0247 

0.0140 


- 0.006 

- 0.348 

• 0.353 

- 0.287 

- 0.221 

0.000 

0.150 

0.257 

0.324 

0.405 

0.428 

0.492 

0.364 

0.761 

0.396 

0.196 

0.055 

- 0.109 

- 0.229 

- 0.274 

- 0.101 

- 0.012 

0.014 

0.235 

0.341 

0.379 

0.427 

0.399 

0.456 

0.484 

0.260 

0.200 


0.034 

0.034 

0.033 

0.040 

0.040 

0.054 

0.053 

0.074 

0.009 

0.093 

0.103 

0.107 

0.102 

0.090 

0.074 

0.043 

0.034 

0.037 

0.034 

0.042 

0.036 

0.051 

0.042 

0.064 

0.072 

0.074 

0.008 

0.106 

0.132 

0.120 

0.082 

0.054 


- 0.61 

- 1.33 

- l.M 

0.20 

0.05 

2.62 

2.66 

3.64 

4.25 

2.31 

2.09 
0.95 
0.50 
0.90 
1.45 
1.30 

1.37 
0.30 
0.01 
0.70 

- 0.50 

4.07 

3.00 

2.20 

3.37 
1.40 
3.57 
1.45 
1.33 

2.10 
1.48 
2.79 


0.34 

499 

0.10 

490 

9.15 

499 

9.34 

499 

0.25 

499 

23.89 

999 

19.65 

999 

24.44 

999 

57.60 

999 

16.17 

990 

10.20 

999 

4.71 

499 

4.36 

249 

7.12 

248 

14.U 

247 

10.56 

241 

14.07 

499 

15.16 

497 

0.43 

490 

17.49 

490 

5.63 

499 

60.43 

999 

46.51 

998 

17.49 

999 

26.70 

999 

16.12 

998 

28.52 

998 

9.44 

499 

7.64 

248 

10.77 

249 

0.90 

246 

17.57 

239 


MOSS 
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TABLE lV-21 


AXIAL VELOCITY , RADIAL VELOCITY, AND MOHEKTUH TURBULENT TRANSPORT DATA AND CMRELATIONS 

Test Date: 6/24/81 Run No.: 21 Flow Condition: I Gcoaetry: 1 

Axial Location: 203 wm (8.0 in.); x/R^ ■ 3.33 
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TABLE IV- 22 


AXIAL AND A2IMLTHAL VELOCITlf DATA AND CORRELATIONS 


I 


Test Date: 6/25/81 Run No.: 22 Flow Condition: 1 Geometry: 

Axial Location: 203 nn (8.0 in.); x/Rj, • 3.33 


2.5 

5.6 

6.6 

11.7 
U.7 

17.8 

20.8 

21.9 

26.9 

30.0 

11.0 

36.1 

19.1 

62.2 
68.1 
5^.6 

2.5 

-0.5 

- 1.6 

- 6.6 

-9.7 

-12.7 

-15.7 

-18.8 

- 21.8 

-26.9 

-29.9 

-31.0 

-36.0 

-17.1 

-61.2 

-69.1 


0.062 

0.092 

0.162 

0.192 

0.261 

0.291 

O.Ml 

0.391 

0.661 

0.691 

0.561 

0.591 

0.661 

0.691 

0.791 

0.891 

0.062 

-0.008 

-0.058 

-0.108 

-0.158 

-0.208 

-0.258 

-0.108 

-0.158 

-0.608 

-0.658 

-0.508 

-0.558 

-0.608 

-0.708 

-C.808 


mf% 


.169 

.021 

.175 

.013 

.172 

.087 

.169 

.239 

.176 

-.029 

.193 

.146 

.188 

.022 

.216 

-.146 
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TABLE IV- 23 

AXIAL VELOCITY, AZIMUTHAL VELOCITY, AND MOMENTL'M TURBULENT TRANSPORT DATA AND CORRELATIONS 


Test Date: 6/26/81 Run No.: 23 Flow Condition: 1 

Axial Location: 102 mm (4.0 in.); x/Rq * 1.66 


Geometry : 


niin 

+ (e=270) 
-(9-90) 

r/><o 

1 

m/s 

u' 

m/s 

0.00 

0.00 

1 

.777 

.138 

6.10 

0.10 

.879 

.170 

12.19 

0.20 

1.171 

.206 

18.29 

0.30 

1 .458 

.170 

21.34 

0.35 

1.485 

.183 

30.48 

0.50 

.880 

.340 

36.58 

0.60 

.480 

.336 



w’ 

m/s 

Sv 

Kw 

U V 

tn2/s2 

«uw 

m2/ s2 

.135 

.230 

7.48 

.0045 

-0.024 

.0301 

.157 

-.406 

4.53 

.0011 

-0.040 

.0295 

.159 

.112 

2.94 

.0005 

-0.015 

.0313 

.116 

-.036 

4.64 

.0004 

-O.C22 

.0218 

.137 

.466 

6.59 

-.0011 

.043 

.0405 

.258 

.184 

4.05 

-.0018 

.021 

.0866 

.278 

-.202 

4.01 

.0068 

-.072 

.0947 
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TABLE IV-44 

AXIAL VELOCITY , RADIAL VELOCITY, AND MOMENTUM TURBULENT TRANSPORT DATA AND CORRELATIONS 
Test Date: 7/29/81 Run No.; 44 Flow Condition: 1 Geometry: 1 


Axial Location: 13 n«n (0,5 in.); x/Rq = 0.21 


I’l 

No. 

r 

am 
+ ( t ^ O ) 
-( fc ^- 180 ) 

r/Ko 

w 

m/s 

u* 

m/s 

Su 

Ku 

V 

mis 

V* 

ni/s 

*>v 

1 

Ky 

UV 

^uv 

^uv 

» 2 / s 2 

Suv 


s 

I 

0.0 

.000 

.790 

.064 

-.144 

3.17 

.005 

.049 

.147 

3.40 

-.0002 

-.050 

.003 

-.046 

10.82 

487 

2 

3.0 

.050 

.792 

.062 

-.167 

2.99 

.011 

.048 

- .010 

4.33 

.0002 

.054 

.003 

1.84 

13.07 

475 

3 

6.1 

.100 

.744 

.075 

-.586 

4.66 

.012 

.051 

.144 

4.23 

.0008 

.218 

.004 

3.56 

46.70 

467 

4 

9.1 

.150 

.647 

.091 

-.094 

2.80 

.013 

.060 

-.318 

4.87 

.0014 

.260 

.006 

1.77 

14.26 

487 

5 

12.2 

.200 

.526 

.137 

.640 

3.49 

-.063 

.148 

• .626 

3.98 

-.0069 

-.342 

.025 

- 2.94 

24.80 

497 

6 

15.2 

.250 

1.230 

.216 

-.255 

2.72 

-.066 

.163 

1.106 

6.48 

-.0149 

-.423 

.039 

- 1.53 

13.26 

992 

7 

18.3 

.300 

1.582 

.065 

-.364 

- 1.56 

-.040 

.057 

.420 

3.07 

-.0005 

-.130 

.004 

- 2.42 

26.47 

992 

8 

21.3 

.350 

1.588 

.054 

-.072 

- 5.29 

-.045 

.051 

.254 

4.12 

.0000 

.010 

.003 

- 0.16 

17.38 

994 

9 

24.4 

.400 

1.542 

.083 

-.656 

2.78 

-.029 

.064 

.703 

15.87 

.0010 

.184 

.006 

0.36 

33.74 

995 

10 

27 . U 

.450 

1.340 

.129 



-.010 

.085 









11 

30.5 

.500 

.694 

.235 



.028 

.172 









12 

33.5 

.550 

-.005 

.144 



-.032 

.104 









13 

36.6 

.600 

-.063 

.113 

-.127 

3.38 

-.040 

.071 

.403 

4.74 

.0020 

.244 

.009 

1.45 

11.67 

241 

14 

42.7 

.699 

-.079 

.120 

-.385 

3.30 

-.035 

.069 

.156 

3.19 

.0013 

.161 

.009 

1.32 

10.77 

241 

15 

48.8 

.799 

-.055 

.107 

-.633 

3.99 

-.033 

.080 

-.118 

3.70 

.0013 

.157 

.009 

2.34 

16.77 

239 

16 

0.0 

.000 

.780 

.059 

-.494 

3.40 

.010 

.046 

.013 

3.92 

-.0004 

-.148 

.003 

- 1.58 

11.15 

494 

17 

- 3.0 

-.050 

.749 

.065 

-.312 

3.11 

-.005 

.047 

-.394 

4.98 

-.0006 

.189 

.003 

1.65 

15.73 

495 

18 

0.0 

.000 

.802 

.061 

-.223 

2.82 

-.008 

.040 

• 111 

3.20 

-.0001 

.030 

.003 

- 0.19 

14.17 

493 

19 

- 6.1 

-.100 

.722 

.084 

- 1.292 

11.52 

.001 

.045 

-.375 

4.26 

-.0006 

.155 

.004 

- 2.44 

28.29 

495 

20 

- 9.1 

-.150 

.646 

.096 

-.311 

2.71 

-.001 

.050 

-.281 

3.68 

-.0016 

.340 

.005 

1.94 

12.15 

494 

21 

- 12.2 

-.200 

.509 

.115 

.396 

3.32 

-.038 

.107 

-.706 

3.65 

.0004 

-.029 

.015 

- 1.69 

18.15 

498 

22 

- 15.2 

-.250 

1.060 

.207 

-.086 

2.76 

-.085 

.160 

.414 

3.26 

,0154 

-.465 

.035 

- 1.25 

11.31 

999 

23 

- 18.3 

-.300 

1.563 

.081 

- 1.175 

3.28 

-.068 

.052 

.264 

4.35 

.0009 

-.212 

.006 

- 0.57 

49.40 

998 

24 

- 21.3 

-.350 

1.603 

.048 

-.926 

- 5.40 

-.060 

.038 

.521 

4.63 

.0004 

-.206 

.003 

- 4.98 

41.97 

999 

25 

- 24.4 

-.400 

1.611 

.044 

-.034 

- 15.66 

-.058 

.038 

-.017 

4.75 

.0000 

.000 

.002 

- 2.45 

41.96 

999 

26 

- 27 . 

-.450 

1.505 

.111 

-.794 

3.65 

-.046 

.068 

-.459 

3.90 

-.0020 

.269 

.009 

- 3.23 

27.27 

999 

27 

- 30.5 

-.500 

.774 

.253 

-.097 

2.83 

.026 

.179 

-. 172 

2.96 

-.0211 

.465 

.049 

1.91 

10.63 

997 

28 

- 33.5 

-.550 

-.009 

.134 

.834 

4.63 

-.044 

.097 

.906 

6.53 

-.0057 

.440 

.020 

5.14 

39.03 

498 

29 

- 36.6 

-.600 

-.065 

.109 

-.187 

3.34 

-.043 

.060 

-.358 

5.94 

-. 00)7 

.266 

.007 

2.23 

11.39 

239 

30 

- 42.7 

-.699 

-.040 

.112 

-.534 

4.10 

-.033 

.073 

.033 

3.38 

-.0007 

.085 

.010 

- 1.75 

21.11 

246 

31 

- 48.8 

-.799 

-.036 

.100 

- 1.144 

4.93 

-.021 

.074 

.661 

8.34 

.0002 

-.022 

.006 

- 0.16 

5.89 

244 

32 

0.0 

.000 

.805 

.053 

- .518 

2.68 

.008 

.037 

.165 

3.37 

-.0001 

-.062 

.002 

- 0.17 

10.46 

498 
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No. 

r 

+ (6-0) 
-(6-180) 


.00 


1.52 


3.05 

5 

4.57 

6 

6.10 

8 

9.14 

9 

10.67 

10 

12.19 

11 

15.24 

12 

18.29 

13 

21.34 

14 

24.38 

15 

27.43 

16 

30.48 

17 

33.53 

18 

36.58 

25 

-4.57 

29 

-10.67 

32 

-12.19 

33 

-15.24 

34 

-18.29 


TABLE IV-45 

RADIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 7/31/81 Run No.: 45 Flow Condition: 1 Geometry: 1 

Axial Location: 13 uri (0.5 in.); x/R© * 0.21 


.280 
-.099 
-.170 
-.240 
-.236 
-.253 
-.425 
-1.233 
-.080 
.237 
-.638 
-1.803 
-.584 
-.014 
-. 133 
-2.992 
.252 
.902 
1.188 
-.654 
-.578 


.045 

.029 

.014 

-.021 

.048 

.006 

.022 

.228 

.267 

-.049 

-.015 

-.021 

.013 

-.051 

-.060 

.070 

.033 

.012 

.200 

.251 

.022 
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TABLE IV-47 

RADIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 
Test Date: 8/3/81 Run No.: 47 Flow Condition: 1 Geometry: 1 


Axial Location: 51 mn (2.0 in.); x/Rq * 0.83 


Nt >. 

r 

-( 0 - 180 ) 

r/«o 

V 

m/s 

V * 

n/s 

Sy 

Ky 

f 

£• 

Kf 

Kf 

vf 

m/s 

R ,..- 

<Tvf 

■/s 

Syf 

Kvf 

X 

3 

0.0 

.000 

.007 

.032 

.248 

3.85 

0.992 

.059 



-.0001 

-.037 




500 

4 

0.0 

.000 

.009 

.031 

.286 

3.52 

1.008 

.064 



-.0001 

-.038 




500 

5 

0.0 

.000 

.005 

.034 

-.004 

3.73 

1.000 

.059 



.0000 

.015 




499 

6 

3.0 

.050 

.006 

.034 

-.090 

3.71 

1.008 

.063 



.0000 

.003 




500 

7 

6.1 

.100 

.006 

.042 

-.482 

4.17 

1.016 

.085 



.0004 

.115 




500 

B 

9.1 

.150 

.005 

.060 

-.278 

5.61 

0.807 

.205 



.0011 

.088 




500 

9 

10.7 

.175 

-.003 

.084 

- 1.287 

7 . 8 ? 

0.627 

.224 



.0037 

.196 




500 

10 

12.2 

.200 

-.006 

.092 

-.203 

5.91 

0.418 

.190 



.0046 

.265 




1000 

11 

15.2 

.250 

-.015 

.080 

-.029 

5.36 

0.150 

.129 



.0024 

.231 




1000 

12 

18.3 

.300 

-.012 

.053 

-.089 

5.57 

0.011 

.050 



.0002 

.075 




1000 

14 

18.3 

.300 

-.015 

.052 

-.064 

5.21 

0.009 

.039 



.0003 

.012 




1000 

IS 

21.3 

.350 

-.007 

.048 

-.538 

6.66 

0.000 

.015 



-.0001 

-.083 




999 

16 

24.4 

.400 

.007 

.055 

.334 

7.78 

0.001 

.016 



-.0001 

-.067 




998 

17 

27.4 

.450 

.022 

.095 

-.376 

6.09 

0.006 

.016 



-.0002 

-.123 




999 

18 

30.5 

.500 

.011 

.108 

.894 

10.58 

0.011 

.016 



-.0001 

-.034 




1000 

19 

33.5 

.550 

.005 

.086 

.986 

13.28 

0.021 

.018 



-.0001 

-.062 




500 

20 

36.6 

.600 

-.003 

.045 

.185 

5.91 

0.025 

.017 



.0001 

.059 




500 

21 

42.7 

.699 

-.008 

.034 

- 1.490 

10.96 

0.025 

.016 



.0000 





500 

22 

48.8 

.799 

.000 

.010 

- 1.930 

20.03 

0.021 

.018 



.0000 





500 

26 

0.0 

.000 

.008 

.034 

.175 

3.74 

1.000 

.060 


.0000 





500 

27 

0.0 

.000 

.008 

.034 

.225 

3.74 

1.000 

.069 



.0000 





499 

28 

- 3.0 

-.050 

-.004 

.035 

.044 

3.26 

1.017 

.060 



.0001 

.024 




500 

29 

- 6.1 

-.100 

-.003 

.046 

.115 

5.33 

1.015 

.080 



.0004 

.109 




500 

30 

- 9.1 

-.150 

-.006 

.065 

.468 

5.57 

0.845 

.182 



.0017 

.141 




499 

31 

- 10.7 

-.175 

-.008 

.075 

.904 

6.06 

0.667 

.217 



.0028 

.236 




500 

32 

- 12.2 

-.200 

-.028 

.099 

1.200 

5.81 

0.451 

.193 



.0043 

.229 




1000 

33 

- 15.2 

-.250 

-.034 

.094 

-.036 

5.04 

0.174 

.124 



.0032 

.276 




1000 

34 

- 18.3 

-.300 

-.029 

.058 

-.216 

5.85 

0.026 

.056 



.0004 

.014 




1000 

35 

- 21.3 

-.350 

-.020 

.059 

.943 

8.18 

- 0.002 

.018 



.0000 





500 

36 

- 24.4 

-.400 

-.006 

.074 

.081 

7.96 

- 0.002 

.014 



.0000 





500 

37 

- 27.4 

-.450 

.010 

.116 

.717 

6.45 

0.001 

.015 



-.0003 

-.158 




500 

38 

- 30.5 

-.500 

.003 

.126 

-.685 

8.39 

0.004 

.015 



-.0002 

-.103 




500 

39 

- 33.5 

-.550 

.002 

.095 

-.918 

8.03 

0.014 

.018 



.0000 

.000 




499 

41 

- 42.7 

-.699 

-.023 

.052 

.573 

3.92 

0.019 

.018 



.0000 



— 


500 
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TABLE IV-50 

RADIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/6/81 Run No.: 50 Flow Condition: 1 Geometry: 1 

Axial Location: 203 nm (8.0 in.); x/R^ * 3.33 


-(d-180) 



.000 

.050 

.100 

.150 

.200 

.250 

.300 

.350 

.400 

.450 

.500 

.550 

.600 

.699 

.000 

.000 

-.050 

-.100 

-.150 

-.200 

-.250 

-.300 

-.350 

-.400 

-.450 

-.500 

-.550 

-.600 


-.699 

-.799 

.000 


-.121 

-.150 

-.173 

-.601 

-.303 

-.178 

-.483 

-.416 

-.425 

-.279 

-.135 

-.281 

.166 

1.122 

-.202 

-.141 

.069 

.014 

-.137 

-.387 

-.521 

-.433 

-.416 

-.274 

-.378 

-.040 

-.137 

-.061 

.125 

.443 

-.117 
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TABLE IV- 51 

RADIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 


Test Date: 8/10/81 No.: 51 Flow Condition: 1 Geometiry; 1 

Axial Location; 152 intn (6.0 in.); x/Ro * 2.50 


I 


+(♦ 1 - 0 ) 

- (0-180) 

1.52 
A . 57 
7.62 
1C. 67 
n .72 
16.76 
19.81 
22.86 
25.91 
28.96 
32.00 
35.05 
38.10 
44.20 
1.52 
- 1.52 
- 4.57 
- 7.62 
- 10.67 
- 13.72 
- 16.76 
- 19.81 
- 22.86 
- 25.91 
- 28.96 
- 32.00 
- 35.05 
- 41.15 
1.52 


0.001 
- 0.017 
- 0.021 
- 0.040 
- 0.018 
- 0.019 
0.011 
0.009 
0.035 
0.018 
0.064 
0.066 
0.041 
0.003 
0.011 
- 0.005 
- 0.010 
- 0.008 
- 0.000 
0.011 
0.030 
0.039 
0.061 
0.066 
0 . ;97 
0.095 
0.086 
0.065 
- 0.015 



2.13 

2.18 

2.60 

3.23 
4.44 
5.31 
8.28 

14.66 

21.20 

36.53 

40.70 

6.29 
4.07 
. 3.58 

2.17 

2.02 

2.23 
2.87 
3.76 
4.57 
5.75 

8.30 
18.94 
27.73 
43.72 
53.68 
24.16 

9.70 

2.18 


vf 

■/» 

Rvf 

■ /s 1 

Sy f 

Kvf 

-.0023 

-.058 

.044 

- 1.286 

15.23 

.0125 

.338 

.039 

1.245 

10.40 


0.897 
1.732 
2 32 
2.17 
2.91 
5.15 
5.27 
6.62 
3.02 
1.74 
0.82 
- 0.36 
- 0.088 
0.882 I 

0.964 

1.397 

1.150 

1.764 

2.687 

3.830 

4.628 

5.22 

6.908 

5.810 


2.478 

- 0.263 


8.78 

8.28 

13.80 
10.42 

16.55 

43.80 
50.10 
77.26 
36.44 
15.59 
22.97 
13.40 

12.56 

14.03 

10.04 
10.03 

7.30 

9.41 
14.47 
29.70 
49.12 
48.94 
86.65 
79.73 

115.72 

31.99 

9.42 
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TABLE IV-52 


RADIAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/10/81 Run No.: 52 Flow Condition: 1 Geometry: 1 

Axial Location: 102 mm (4.0 in.); x/R© * 1.66 


+ (S-0) 
-(&-180) 
0.0 
9.1 

3.0 

6.1 

12.2 

15. 2 

16.3 

21.3 

24.4 

33.5 

36.6 

42.7 

48.8 
0.0 
0.0 

-3.0 

- 6.1 

-9.1 

- 12.2 

-15.2 

-18.3 

-21.3 

-24.4 

-27.4 

-30.5 

-33.5 

-36.6 

-42.7 



-.068 

-.493 

-1.642 

-.991 

-.331 

.105 

-.596 

-.296 

-.940 

.134 

.329 

.588 

.777 

1.286 

-.353 

-1.837 

-1.199 

-.630 

-.137 

.053 

-.136 

-.429 

-.367 

-.261 

-.067 

.071 

.331 

.533 

.560 
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31.29 

340.84 

19.61 

8.49 

12.23 

8.88 

14.50 

175.69 

92.75 

87.11 

28.59 

12.72 

7.74 

11.37 

91.84 

75.79 

14.31 

7.65 
9.52 
9.35 

7.66 
142.96 
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TABLE IV-53 

AZIMUTHAL VELOCITY AND CONCENTRATION DATA AND CORRELATIONS 


•1 

■J 


Test Date: 8/11/81 Run No.: 53 Flow Condition: I Geometry: 1 

Axial Location: 102 ran (4.0 in.); x/Ro * 1.66 




1 

( 
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TABLE IV-54 

AZIMUTHAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 



Test Date: 8/12/81 Run No.: 54 Flow Condition: 1 Geometry: 1 

Axial Location; 152 an (6.0 in.); x/Rq * 2.50 
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TABLE IV- 56 

AZIMimiAL VELOCITY. CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 


♦<e-270) 

-(•■90) 


Test Date: 8/14/81 Run No.: 56 Flow Condition: 1 Ceonetry: 1 

Axial Location: 203 an (8.0 in.); x/R(, ■ 3.33 
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TABLE lV-57 


AZIHimtAL VELOCITY, CONCENTKATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/17/81 Run No.: 57 Flow Condition: 1 Ceoaetry: I 

Axial Location* 13 on (0.5 in.); x/Ro “ 0.21 


I 

*o 


a- 

0 

1 

VO 



r 

«(<i-270) 

-0»-90> 

r/«o 

H 

n/a 

w’ 

n/a 

Sw 

Kn 

7 

f' 



wf 

n/a 

"wf 

n/a 

Swf 

"wf 

1 

.00 

.000 

.010 

.013 

.082 

2.86 










2 

.00 

.000 

.009 

.018 

-.258 

3.50 










) 

.00 

.000 

.008 

.034 

-.294 

1.49 

1.002 

.098 








4 

l.OS 

.050 

.007 

.017 

.015 

3.14 

.999 

.058 








s 

8. 10 

.100 

.008 

.042 

-.208 

1.32 

1.000 

.058 








« 

9.14 

.150 

.007 

.047 

.187 

3.24 

.998 

.057 








7 

12.19 

.200 

.001 

.074 

.013 

3. 72 

.817 

.118 








8 

IS. 29 

.300 

.027 

.084 

-.191 

3.77 

.015 

.018 








9 

24. M 

.400 

.048 

.028 

-.018 

3.39 

.000 

.014 








to 

10.48 

.500 

.011 

.220 

.188 

2.82 

.008 

.0!S 








It 

18. S8 

.800 

.088 

.124 

.050 

2.78 

.033 

.025 








12 

42.87 

.700 

.III 

.121 

-.120 

2.89 

.019 

.019 








I) 

.00 

.000 

.009 

.016 

-.199 

3.29 










14 

.00 

.000 

.009 

.015 

-.258 

3.30 










IS 

.00 

.000 

.008 

.015 

-.084 

2.85 



.371 

3.10 


-.058 




l« 

.00 

.000 

.010 

.015 

.141 

3.00 



.080 

2.83 


.008 




t» 

.00 

.000 

.007 

.037 

-.198 

1.72 



.182 

3.08 


-.019 




IS 

-1.05 

-.090 

-.010 

.019 

-.072 

2.98 



.005 

3.07 


-.037 




19 

-8.10 

-.too 

-.012 

.040 

-.021 

2.82 



.091 

3.81 


-.025 




20 

-9.14 

-.150 

-.010 

.091 

-.078 

2.87 



.098 

2.54 


-.088 




21 

-12.19 

-.200 

-.Oil 

.095 

-.072 

4.51 



-.880 

3.48 


.098 




22 

-18.29 

-.300 

.092 

.085 

-.080 

3.11 



.810 

5.90 


.035 




21 

-24.18 

-.400 

-.011 

.048 

-.894 

4.98 



.109 

3.81 


.048 




24 

-10.48 

-.900 

-.017 

.210 

-.114 

3.51 



.298 

3.05 


.029 




2S 

-31.58 

-.800 

.081 

.112 

-.410 

2.98 



.549 

3.83 


.047 




28 

-42.87 

-.700 

.118 

.111 

-.391 

3.21 



.272 

3.15 


.098 




27 

.00 

.000 

-.009 

.018 

.114 

3.84 



.087 

1.82 


-.000 




28 

.00 

.000 

-.008 

.017 

.198 

3.21 



.397 

3. 23 


.008 
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TABU IV>58 

AZIMUTHAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Dsce: 8/17/81 Run Mo.: 58 Flow Condition: 1 Geowetry: 1 

Axial Location: 51 an (2.0 in.); x/R© “ 0.83 


-<®-_*o) 

.0 .000 

.0 .000 

3.0 .030 

«.l .too 

9.1 .ISO 

12.2 .199 

.0 .000 

.0 .000 

5 .2 .299 




1.000 

.971 

.991 

1.021 

.OM 

.4«7 

.971 

1.020 

.05* 

.010 

.025 

.035 

. 0*0 

1.001 

.901 

1 . 02 * 

.933 

.5*5 

.072 

.021 

.990 

.991 

.011 

. 02 * 

.033 

1.002 


Sf 

«r 

vr 

Kef 

•vf 
• /» 

Kt 

Kvf 

-.*00 

5. 10 

-.0000 

.011 

.002 

.00 

*.** 

-. 1*3 

2.50 

[ -.0000 

-.017 

.002 

.20 

9.52 

-.215 j 

3.0* 


.000 

.002 

.0* 

*.3* 

- I . *05 

9.57 

-.0002 

. J 70 

.003 

-1.79 

22.3* 

-1.0** 

3.00 

-.0007 

.059 

.015 

-3.9* 

79.97 

.*23 

2.75 1 

-.oon 

.0*0 

.023 

-.75 

S .*7 


.*57 

3.77 

.0001 

-.05* 

.* X > 

3.21 

-.0002 

-.079 

.029 

*.10 

-.0000 

-.010 

-.9*6 

0.5* 

-.0000 

-.009 

.13* 

2.31 

.0017 

.0*7 

1.089 

7.93 

.0005 

.001 

.1*1 

3.21 

-.0000 

-.002 
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TABLE lV-60 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 
Test Date: 8/19/81 Run No.: 60 Flow Condition: 1 Gcoaetry: 1 


I 


? 

u> 


Axial Location: 13 m (O.S in.); x/Rq • 0.21 


'•l 

N*t. 

r 

r/8« 

II 

a/m 

u* 

h/s 

Su 

Rw 

7 

f 


Rf 

uf 

>/s 

•uf 

•'af 

mf- 



X 

1 

.no 

.00 


053 

-.543 

3.72 

.988 

.053 

-.380 

3.17 

.0000 

.014 

.003 

-.003 

10.13 

999 

« 

3.03 

.03 

.803 

.048 

-.244 

2.88 

.848 

.038 

-.081 

2.82 

-.0000 

-.018 

.003 

-.330 

8.72 

1000 

s 

8.10 

.10 

.738 

.u8l 

-.4C5 

3.12 

1.018 

.048 

-.870 

4.48 

-.0000 

-.018 

.003 

.033 

8.12 

1000 

6 

8.14 

.13 

.874 

.07« 

-.348 

3.03 

.883 

.038 

-.895 

7.34 

-.0002 

.035 

.003 

-.711 

13.73 

988 

n 

12.18 

.20 

.303 

.107 

-.148 

3.28 

.808 

.098 

-.784 

4.18 

.0018 

.188 

.107 

.083 

10.88 

888 

■1 

18.28 

.30 

1.830 

.037 

-1.217 

11.08 

-.007 

.013 

.304 

2.88 

.0000 

.034 

.001 

-.240 

13.27 

WOO 

Bl 

24.38 

.40 

1.388 

.082 

-.832 

11.28 

-.000 

.013 

.311 

3.08 

-.0000 

-.020 

.001 

-1.278 

18.17 

MOO 


30.48 

.30 

.702 

.238 

-.038 

2.88 

.001 

.013 

.183 

2.84 

-.0003 

-.083 

.003 

-.433 

3.83 

1000 

11 

38.38 

.80 

-.047 

.084 

-.808 

4.23 

.008 

.014 

.142 

2.82 

-.0000 

-.024 

.001 

-.138 

12.73 

888 

12 

42.87 

.70 

-.037 

.089 

-.827 

3. 12 

-.001 

.013 

.288 

3.28 

-.0000 

-.044 

.001 

-.530 

14.14 

WOO 

13 

.00 

.00 

.818 

.033 

-.334 

3. 33 

1.003 

.032 

-.457 

3.34 

.0000 

.024 

.003 

.328 

11.78 

998 

14 

.00 

.00 

.813 

.034 

-.477 

3.00 






.029 




988 

13 

.00 

.00 

.813 

.034 

-.481 

3.88 






-.134 




880 

It 

.00 

.00 

. b ;3 

.034 

-.438 

3. 18 






.032 




MOO 

17 

.00 

.00 

.817 

.034 

-.431 

3.38 






.039 




988 

18 

>3.03 

-.03 

.773 

.084 

-.480 

3. 18 






.009 




984 

18 

-8.10 

-.W 

.718 

.078 

-.273 

3.03 






.082 




988 

20 

-8.14 

-.13 

.823 

.082 

-.188 

2.78 






.033 




887 

21 

-12.18 

-.20 

.472 

.118 

.038 

2.82 






.272 




980 

22 

-18.28 

-.30 

1.388 

.071 

-1.033 

4.33 






.004 




423 

23 

-24.38 

-.40 

1.842 

.042 

-.847 

11.73 






-.015 




MOO 

24 

-30.48 

-.50 

.830 

.278 

-.040 

2.C ■ 






-.082 




MMO 

23 

-38.38 

-.80 

-.038 

.088 

-.788 

4.23 






-.088 




1000 

M 


-.70 

-.038 

.084 

-.481 

3.08 






-.088 




999 
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TABL*i IV-61 


AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/19/81 Run No.: 61 Flow Condition: 1 Geometry: 1 

Axial Location: 51 inn (2.0 in.); x/Rq * 0.83 


No. 

r 

noi 

+(e-0) 

r/Ro 

U 

m/s 

u" 

n/s 

Su 

Ku 

f 


Sf 

Kf 

uf 

m/s 

8uf 

m/s 

Suf 

Kuf 


2 

0.5 

0.008 

.803 

.054 

-.463 

3.48 

1.000 

,059 

.054 

3. 10 

.0001 

.046 

.003 

.50 

8.50 

1000 

3 

3.6 

0.058 

.806 

.051 

-.290 

3.43 

.980 

.063 

.098 

3.44 

.0000 

.013 

.003 

-.37 

9.55 

1000 

A 

6.6 

0.108 

.759 

.076 

-.429 

3.25 

1.013 

.070 

-.414 

4.26 

.0011 

.204 

.006 

1.54 

11.20 

1000 

5 

9.6 

0.158 

.712 

.098 

.575 

4.31 

.772 

.156 

-.944 

3.43 

-.0017 

-.113 

.020 

-2.86 

20.44 

1000 

6 

12.7 

0.208 

1.004 

.219 

.320 

2.47 

.367 

.171 

.600 

2.91 

-.0183 

-.491 

.034 

-1.05 

4.76 

1000 

7 

18.8 

0.308 

1.629 

.069 

-.970 

11.52 

-.001 

.032 

3.803 

25.60 

-.0002 

-.089 

.005 

-10.14 

192.18 

1000 

8 

24.9 

0.408 

1.519 

.140 

-1.191 

5.40 

-.007 

.015 

.139 

2.94 

-.0001 

-.053 

.002 

-1.10 

13,63 

999 

9 

31.0 

0.508 

.775 

.300 

-.641 

3.43 

-.003 

.015 

.362 

3.28 

-.0005 

-.120 

.005 

-.52 

9.61 

1000 

10 

37.1 

0.608 

.027 

.167 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

11 

43.2 

0.708 

-.079 

.146 

-.223 

4.20 

.010 

.022 

.418 

3.15 

-.0005 

-.163 

.003 

-1.95 

12.34 

250 

IS 

0,5 

0.008 

.792 

.057 

-.196 

2.73 

.979 

.059 

.065 

3.24 

.OUUU 

.006 

.003 

.72 

8.32 

999 

16 

-2.5 

-0.042 

.753 

.070 

— 

— 

1.000 

.059 

— 

— 

— 

— 

— 

— 


1000 


-5.6 

-0.092 

.693 

.083 

-.250 

3.08 

.918 

.062 

-.187 

3.79 

.0008 

.157 

.006 

1.99 

22.58 

1000 


-8.6 

-0.142 

.663 

.092 

.408 

4.32 

.870 

.165 

-.974 

3.77 

-.0001 

-.005 

.021 

-4.22 

40.81 

1000 


-11.7 

-0.192 

.886 

.173 

.336 

2.80 

.473 

.190 

.445 

2.76 

-.0142 

-.429 

.032 

-1.15 

6.41 

999 

20 

-17.8 

-0.291 

1.581 

.100 

-1.039 

5.71 

.024 

.050 

3.594 

23. 12 

-.0014 

-.276 

.010 

-9.87 

149.73 

1000 

21 

-23.9 

-0. 391 

1.571 

.153 

-2.444 

12.84 

.000 

.014 

.070 

3. 19 

-.0002 

-.074 

.003 

-4.53 

57.11 

500 

22 

-30.0 

-0.491 

.831 

.328 

-.427 

3.82 

.005 

.015 

.199 

2.91 

-.0007 

-.151 

.005 

-1.32 

10.36 

498 

23 

-36.1 

-0.591 

.062 

.187 

1.091 

6.64 

.017 

.016 

. 164 

3.22 

-.0004 

-. 125 

.003 

-.76 

16.95 

500 

24 

-42.2 

-0.691 

-.061 

.123 

-.435 

3.89 

.017 

.015 

.222 

3. 13 

-.0002 

-.124 

.002 

-.67 

9.02 

500 


MASS AND MDHtN'l'UM IDRBH1.H1T TKANSl’ORT l-^Xl'tRlMKN'rS United Tucimoloeics Keseari-h Center/NASA Lewis Research Center (Contract MAS3-22771) 
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TABLE IV- 6 2 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/20/81 Run No.: 62 Flow Condition: 1 Geometry: 1 

Axial Location: 102 im (4.0 in.); x/Rjj * 1.66 


( e - o ) 

( e » irtO ) 

c/Ko 

m/n 

m/a 

1.5 

1 .025 

.770 

.090 

4.6 

.075 

.784 

.102 

7.6 

.125 

.834 

.145 

10.7 

1 .175 

1.004 

.201 

13.7 

' .225 

1.231 

.228 

19.8 

.325 

1.547 

.141 

25.9 

.425 

1.349 

.260 

32.0 

.525 

.817 

.361 

38.1 

.624 

.321 

.342 

44.2 

.724 

-.010 

.274 

1.5 

.025 

.766 

.090 

1.5 

.025 

.779 

.089 

- 1.5 

-.025 

.763 

.098 

- 4.6 

-.075 

.788 

.126 

- 7.6 

-.125 

.920 

.192 

- 10.7 

-.175 

1.110 

.211 

- 16.7 

-.275 

1.487 

.179 

- 22.9 

-.375 

1.410 

.260 

- 29.0 

-.475 

.940 

.340 

- 35.1 

-.575 

.424 

.377 

- 41.1 

-.674 

.023 

.291 

1.5 

.025 

.775 

.092 


-.0002 
-.0018 
-.0146 
-.0265 
-.0229 
-.0021 
- .0003 


175.89 

131.17 

25.35 

6.27 

11.46 

54.60 

85.76 
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TABLE IV- 63 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/20/81 Run No.: 63 Flow Condition: 1 Geometry; 1 

Axial Location: 152 iwti (6.0 in.); x/Ro = 2.50 






1.5 

.025 

.911 

.187 

1.5 

.025 

.927 

.196 

-15 

-.025 

.919 

. 196 

- 4.6 

-.075 

.973 

.201 

- 7.6 

-.125 

1.069 

.235 

o 

1 

-.175 

1.163 

.239 

- 16.8 

-.275 

1.337 

.241 

- 22.9 

-.375 

1.247 

.311 

- 29.0 

-.475 

.916 

.390 

- 35.1 

-.575 

.580 

.412 

- 41.1 

-.674 

.168 

.398 

1.5 

.025 

.920 

.198 

4.6 

.075 

.977 

.218 

7.6 

.125 

1.046 

.220 

10.7 

.175 

1.164 

.231 

13.7 

.225 

1.267 

.245 

19.8 

.325 

1.349 

.263 

25.9 

.425 

1.192 

.325 

1.5 

.025 

.908 

.190 




8.07 

- 0.61 

113.41 

15.27 

- 2.22 

18.12 

- 1.19 

6.04 

- 1.53 

- 0,80 

8.06 

4.14 

1 

00 

o 

10.83 

- 1.78 

10.35 

- 3.29 

24.66 

0.76 

18.55 






















TABLE IV- 6 A 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/21/81 No.: 6A Flow Condition: 1 Geometry: 1 

Axial Location: 203 ram (8.0 in.); x/Rq “ 3.33 


n 

B 

r 

mm 

-(G*lrt0) 

r/Ko 

U 

m/s 

u* 

m/s 

Su 

Ku 

7 

£■ 

•4 


“ 1 

(if 

m/s 

«uf 

<Tjf 

m/s 

Suf 

— 

Kuf 

N 

4 

2.03 

.033 

.970 

.208 

-.224 

3.46 

.279 

.170 

.853 

3.68 

-.0090 

-.254 

.034 

.522 

10.83 

999 

5 

5.08 

.083 

.989 

.215 

-.156 

3.13 

.261 

.162 

.922 

4.27 

-.0108 

-.310 

.035 

-.646 

13.67 

999 

6 

8.13 

.133 

.998 

.230 

-.072 

2.67 

.252 

.163 

.734 

3.56 

-.0108 

-.287 

.037 

-.409 

5.78 

1000 

7 

11.18 

.183 

1.076 

.230 

-.290 

2.89 

.205 

.159 

1.140 

4.88 

-.0108 

-.295 

.038 

-1.056 

10.00 

1000 

8 

14.22 

.233 

1.115 

.239 

-.402 

3.47 

.151 

.130 

1.090 

4.43 

-.0068 

-.219 

.031 

-.818 

9.94 

998 

9 

20.32 

.333 

1.108 

.288 

-.878 

4.18 

.090 

.106 

1.555 

5.43 

-.0010 

-.032 

.024 

-.138 

5.05 

999 

18 

0.00 

.000 

.983 

.211 

-.106 

2.85 

.268 

.158 

.684 

3.41 

-.0105 

-.313 

.033 

-.337 

8.41 

1000 

19 

-1.02 

-.017 

.973 

.203 

-.173 

2.90 

.281 

.157 

.756 

3.81 

-.0083 

-.261 

.030 

-.639 

8.05 

1000 

20 

-4.06 

-.067 

.983 

.220 

-.192 

2.93 

.271 

.171 

.858 

3.61 

-.0099 

-.264 

.035 

-.270 

6.25 

1000 

21 

-7.11 

-.116 

1.018 

.217 

-.184 

3.04 

.256 

.167 

.929 

4.08 

-.0110 

-.304 

.033 

-.839 

5.80 

1000 

22 

-10.16 

-.166 

1.049 

.239 

-.404 

3.66 

.222 

.154 

.878 

3.83 

-.0088 

-.240 

.034 

-.481 

9.59 

1000 

23 

-16.26 

-.266 

1.074 

.262 

-.506 

3.46 

.143 

.131 

1.114 

3.95 

-.0043 

-.125 

.032 

-.120 

6.44 

1000 

24 

-22.35 

-.366 

.995 

.307 

-.584 

3.39 

.089 

.102 

1.953 

7.76 

.0026 

.082 

.026 

-.288 

17.78 

1000 

25 

-28.45 

-.466 

.828 

.355 

-.578 

3.29 

.044 

.072 

3.730 

24.81 

.0014 

.054 

.016 

1.049 

10.71 

1000 

26 

-34.54 

-.566 

.626 

.372 

-.408 

2.78 

.044 

.056 

4.620 

37.82 

.0000 

-.002 

.014 

1.574 

20.20 

1000 

27 

-40.65 

-.666 

.347 

.377 

-.062 

2.49 

.030 

.030 

2.570 

18.03 

-.0001 

.006 

.012 

2.882 

27.43 

1000 

26 

0.00 

-.000 

.980 

.208 

-.125 

3.00 

.272 

.153 

.831 

3.92 

-.0104 

-.326 

.030 

-.711 

6.67 

1000 
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TABLE IV-66 

AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/24/81 Run No.: 66 Flow Condition: 1 Geometry: 1 

Axial Location: 254 mm (10.0 in.); x/Rq ~ 4.16 


No. 

r 

uun 

+(e-o) 

-(9=180) 

0 

X, 

u 

U 

m/s 

u* 

m/s 

Su 

Ku 

f 

f ’ 

Sf 

Kl 

i 5.1 

^uf 

<r;,f 

■/s 

Suf 

Kuf 

N' 

3 

-0.76 

-0.012 

.885 

.224 

-.404 

3.52 

.200 

.095 

.676 

3.52 

.0009 

.041 

.021 

0.68 

7.88 

1000 

4 

2.29 

0.037 

.859 

.234 

-.483 

3.51 

.182 

.094 

.745 

3.50 

.0017 

.075 

.021 

0.39 

6.07 

1000 

5 

5.33 

0.087 

.850 

.225 

-.399 

3.23 

.180 

.094 

.759 

3.73 

.0011 

.054 

.020 

0.33 

5.91 

1000 

6 

8.38 

0.137 

.847 

.258 

-.678 

3.72 

.160 

.089 

.915 

3.99 

.0030 

.130 

.021 

1.05 

8.02 

1000 

7 

11.43 

0.187 

.846 

.254 

-.562 

3.53 

.151 

.085 

.740 

3.37 

.0024 

.111 

.020 

0.48 

6.17 

1000 

8 

17.53 

0.287 

.800 

.281 

-.416 

2.90 

.124 

.077 

1.068 

3.87 

.0027 

.124 

.019 

0.63 

6.20 

1000 

9 

23.62 

0.387 

.716 

.306 

-.319 

2.79 

.104 

.067 

1.460 

5.70 

.0031 

.152 

.017 

0.48 

6.50 

1000 

10 

29.72 

0.487 

.549 

.321 

-.121 

2.53 

.080 

.052 

1 ,696 

7.57 

.0024 

.142 

.015 

1.45 

11.41 

1000 

11 

35.81 

0.587 

.420 

.327 

-.025 

2.64 

.061 

.039 

2.032 

10.52 

.0014 

.108 

.013 

2.65 

21.12 

1000 

12 

41. <51 

0.687 

.272 

.305 

.394 

2.86 

.062 

.034 

1.641 

8.56 

.0005 

.048 

.011 

2.46 

21.26 

1000 

13 

1 

o 

9 ^ 

-0.012 

.870 

.239 

-.772 

4.52 

.180 

.090 

.894 

4.54 

.0014 

.067 

.020 

1.08 

7.72 

1000 

15 

-0.76 

-0.012 

.848 

.247 

-.641 

3.88 

.195 

.095 

.750 

3.72 

.0025 

.107 

.023 

1.29 

8.53 

1000 

16 

-3.81 

-0.062 

.866 

.222 

-.544 

4.01 

.207 

.096 

.538 

2.98 

.0012 

.054 

.021 

0.91 

8.07 

1000 

17 

-6.86 

-0.112 

.842 

.249 

-.631 

3.73 

.195 

.099 

.732 

3.80 

.0030 

.120 

.024 

0.99 

7.17 

999 

18 

-9.91 

-0.162 

.840 

.250 

-.725 

4.01 

.192 

.100 

.809 

3.50 

.0031 

.123 

.024 

0.58 

5.82 

1000 

19 

-12.95 

-0.212 

.821 

.265 

— 

— 

.175 

.095 

— 

— 

.0041 

.150 

.024 



■ 

1000 

20 

-19.05 

-0.312 

.804 

.275 

-.611 

3.59 

.149 

.092 

.961 

3.79 

.0032 

.125 

.022 

0.39 

6.19 

1000 

21 

-25.15 

-0.412 

.709 

.31 1 

— 

— 

.125 

.078 

— 

— 

.0045 

.171 

.024 

— 

— 

1000 

22 

-31.24 

-0.512 

.592 

.323 

-.230 

2.62 

.093 

.059 

1.951 

10.06 

.0027 

.140 

.016 

0.73 

9.55 

1000 

23 

-37.34 

-0.612 

.463 

.321 

-.113 

2.51 

.091 

.055 

1.758 

7.34 

.0031 

.177 

.017 

2.82 

22.52 

1000 

24 

-43.43 

-0.712 

.334 

.328 

- .014 

2.60 

.074 

.041 

2.158 

12.68 

.0016 

.120 

.015 

3.59 

32.08 

1000 

25 

-0.76 

-0.012 

.863 

.238 

-.437 

3.45 

.186 

.088 

.488 

2.98 

.0016 

.076 

.021 

0.54 

6.74 

1000 
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TABLE IV-67 


AXIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DA 

Test Date: 8/24/81 Run No.: 67 Flow Condition: 
Axial Location: 305 nan (12.0 in.); x/Rq 



1 

tiun 

-( 8 - 180 ) 

7 > 

0 

IJ 

n/s 

u ’ 

n/s 

Su 

Ku 

f 

f ■ 

Sf 

Kf 

3 

0.0 

.000 

.690 

.243 

-.451 

2.91 

.146 

.056 

.881 

3.99 

1 * 

3.0 

.050 

.708 

.238 

-.384 

2.83 

.134 

.050 

.795 

3.64 

5 

6.1 

.100 

.686 

.244 

-.345 

2.94 

.136 

.050 

.771 

3.58 

6 

9.1 

.150 

.659 

.262 

-.448 

2.96 

.130 

.050 

1.015 

4.30 

8 

18.3 

.300 

.636 

.256 

-.233 

2.79 

.121 

.046 

.974 

4.43 

9 

24.4 

.400 

.544 

268 

-.142 

2.53 

.116 

.045 

1.442 

6.60 

10 

30.5 

.500 

.462 

.264 

-.004 

2.58 

.099 

.036 

.914 

3.93 


36.6 

.600 

.388 

.258 

.121 

2.41 

.094 

.035 

1.164 

5.09 

12 

42.7 

.699 

.303 

.248 

.226 

2.65 

.090 

.030 

1.126 

5.46 

13 

0.0 

.000 

.720 

.231 

-.389 

2.88 

.140 

.054 

.992 

4.06 

16 

0.0 

.000 

.698 

.243 

-.440 

3.18 

.144 

.060 

.937 

4.21 

17 

- 3.0 

-.050 

.699 

.246 

-.383 

2.75 

.141 

.058 

.849 

3.91 

18 

- 6.1 

-.100 

.679 

.247 

-.457 

2.95 

.142 

.058 

.809 

3.48 

19 

- 9.1 

-.150 

.688 

.247 

-.441 

3.08 

.141 

.060 

.773 

3.39 

20 

- 12.2 

-.200 

.663 

. 244 

-.336 

2.99 

.138 

.059 

.863 

3.81 

21 

- 18.3 

-.300 

.634 

.260 

-.382 

2.80 

.129 

.059 

1.093 

4.69 

22 

- 24.4 

-.400 

.548 

.270 

-.244 

2.68 

.122 

.052 

1.212 

5.30 

23 

- 30.5 

-.500 

.476 

.269 

.025 

2.52 

.104 

.046 

1.231 

5.57 

24 

- 36.6 

-.600 

.398 

.262 

.082 

2.43 

.101 

.040 

1.383 

6.71 

25 

- 42.7 

-.699 

.306 

.249 

.329 

2.80 

.088 

.037 

1.463 

7.20 

26 

0.0 

.COO 

.681 

.248 

-.452 

2.89 

.142 

.064 

.717 

3.33 


A AND CORRELATIONS 

1 Geometry: 1 

= 5.00 


n/s 

Ruf 

n/s 

Suf 


N 

.0034 

.250 

.012 

0.97 

6.57 

999 

.0028 

.237 

.011 

0.90 

6.03 

999 

.0030 

.240 

.011 

1.46 

13.40 

1000 

.0032 

.239 

.012 

0.66 

5.30 

1000 

.0029 

.246 

.010 

0.69 

5.92 

1000 

.0027 

.227 

.012 

1.55 

16.22 

1000 

.0022 

.239 

.009 

1.36 

9.50 

1000 

.0015 

.172 

.009 

1.93 

15.50 

1000 

.0014 

.186 

.007 

1.76 

11.95 

1000 

.0028 

.224 

.011 

0.77 

6.96 

1000 

.0034 

.233 

.014 

0.85 

7.15 

1000 

.0038 

.199 

.012 

0.57 

5.25 

1000 

.0038 

.262 

.013 

0.73 

5.39 

1000 

.0033 

.220 

.013 

0.71 

6.69 

1000 

.0034 

.238 

.013 

1.05 

7.40 

1000 

.0033 

.217 

.014 

1.40 

9.02 

1000 

.0038 

.271 

.013 

2.68 

26.39 

1000 

.0029 

.232 

.011 

1.41 

10.86 

1000 

.0021 

.194 

.010 

1.32 

11.41 

1000 

.0018 

.192 

.010 

1.58 

13.21 

1000 

.0042 

.270 

.014 

0.77 

6.08 

1000 
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TABLE lV-69 

RADIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/25/81 No.: 69 Flow Condition: 1 Geometry: 1 

Axial Location: 25A mm (10.0 in.); x/Rq - 4 16 


No. 

r 

QUA 

- Ke - 0 ) 

-(■e-iHO) 

0 

X 

u 

V 

m/s 

V* 

m/s 

Sv 

Kv 

f 

f* 

Sf 

Kf 

v7 

m/a 

R.,f 

CTvf 

m/s 

1 

Svf 


N 


1.52 

.025 

.023 

.175 

.028 

3.87 

.187 

.100 

.693 

3.29 

.0001 

.006 

.016 

-.331 

6.57 

1000 


4.57 

.075 

.030 

.189 

-.195 

3.47 

.183 

.101 

.648 

3.47 

.0030 

.158 

.018 

.322 

6.02 

1000 


7.62 

.125 

.035 

.183 

-.363 

4.14 

.173 

.098 

.895 

4.47 

.0024 

.136 

.017 

.452 

7.48 

999 


10.67 

.175 

.042 

.189 

-.307 

3.46 

.156 

.091 

.673 

3.04 

.0036 

.210 

.016 

1.067 

7.07 

1000 


13.72 

.225 

.045 

.187 

-.292 

3.41 

.146 

.092 

.744 

3.13 

.0036 

.210 

.016 

.595 

5.31 

999 


19.81 

.325 

.072 

.196 

-.188 

2.92 

.138 

.098 

1.409 

6.24 

.0047 

.243 

.017 

.883 

6.37 

1000 


25.91 

.425 

.100 

.219 

-.263 

3.75 

.087 

.076 

1.416 

5.(5 

.0046 

.277 

.016 

2.420 

16.40 

998 


32.00 

.524 

.097 

.229 

-.245 

3.24 

.059 

.059 

1.924 

8.^7 

.0030 

.226 

.014 

3.838 

33.22 

1000 

11 

38 . 10 

.624 

.108 

.236 

.004 

2.84 

.041 

.042 

1.985 

8.71 

.0020 

.204 

.011 

3.608 

26.26 

998 

12 

44.20 

.724 

.087 

.222 

.416 

3.87 

.031 

.032 

1.570 

9.34 

.0008 

.119 

.007 

2.811 

23.68 

999 

13 

1.52 

.025 

.017 

.168 

-.177 

3.78 

.194 

.101 

.657 

3.38 

.0013 

.075 

.017 

.766 

8.74 

1000 

16 

1.52 

.025 

.017 

.180 

-.099 

3.90 

.190 

.091 

.530 

2.94 

.0002 

.011 

.016 

.321 

7.63 

999 

17 

- 1.52 

-.025 

-.011 

.179 

-.141 

3.95 

.182 

.093 

.660 

3.27 

-.0001 

.004 

.016 

-.183 

7.95 

1000 

18 

- 4.57 

-.075 

.001 

.175 

.107 

4.31 

.175 

.091 

.580 

3.14 

.0015 

.096 

.016 

.419 

9.28 

1000 

19 

- 7.62 

-.125 

-.001 

.170 

.286 

3.90 

.164 

.090 

.994 

5.33 

.0032 

.209 

.015 

.864 

8.11 

998 

20 

- 10.67 

-.175 

.006 

.190 

.233 

3.47 

.151 

.086 

.736 

3.46 

.0035 

.214 

.015 

.849 

7.10 

1000 

21 

- 16.76 

-.275 

.037 

.197 

.143 

4.09 

.140 

.083 

.926 

3.86 

.0040 

.243 

.016 

. 92 ? 

6.64 

1000 

22 

- 22.86 

-.375 

.048 

.205 

.286 

3.24 

.106 

.074 

1.165 

4.13 

.0040 

.263 

.014 

1 . 2/0 

10.11 

1000 

23 

- 28.96 

-.475 

.066 

.219 

.081 

3.21 

.090 

.061 

1.604 

6.20 

.0033 

.246 

.012 

2.283 

16.67 

1000 

2 A 

- 35.05 

-.574 

.096 

.224 

.110 

2.84 

.061 

.045 

2.010 

9.34 

.0018 

.178 

.010 

2.008 

16.01 

999 

25 

- 41.15 

-.674 

.108 

.236 

-.046 

2.92 

.071 

.043 

1.955 

9.62 

.0017 

.169 

.010 

2.596 

20.06 

997 

26 

1.52 

.025 

— J 

-.014 

- - 1 

.180 

.274 

4.37 


,092 

.678 

3.24 

.0006 

.039 


.530 

— 

9.02 

1000 
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TABLE IV- 70 

RADIAL VELOCITY, CONCENTRATION AND MASS TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/25/81 Run No.: 70 Flow Condition: 1 Geometry: 1 

Axial Location: 305 nan (12.0 in.); x/Rq ® 5.00 



r 

mo 

+( 6 - 0 ) 

-( e - 180 ) 

r/Ro 

V 

m/a 

v ’ 

n/s 

Sv 

K 

f 

f 

Sf 

Kf 

vf 

b/s 

Rvf 

“ f 
b/s 

Svf 

Kvf 

N 

3 

A 

5 

6 

7 

8 
9 

10 

11 

12 

13 

16 

17 

18 
20 
21 
22 

23 

24 

25 

0.00 

3.05 

6.10 

9.14 

12.19 

18.29 

24.38 

30.48 

36.58 

42.67 

0.00 

0.00 

- 3.05 

- 6.10 

- 12.19 

- 18.29 

- 24.38 

- 30.48 

- 36.58 

- 42.67 

.00 

.05 

.10 

.15 

.20 

.30 

.40 

.50 

.60 

.70 

.00 

.00 

-.05 

-.10 

-.20 

-.30 

-.40 

-.50 

-.60 

-.70 

.020 

.021 

.031 

.033 

.045 

.060 

.082 

.088 

.088 

.072 

.018 

-.022 

-.001 

-.002 

.016 

.021 

.035 

.041 

.064 

.056 

.179 

.175 

.169 

.171 

.174 

.192 

.206 

.205 

.214 

.210 

.179 

.170 

.171 

.175 

.178 

.167 

.188 

.204 

.194 

.195 

-.238 

-.108 

-.019 

-.209 

-.240 

-.192 

-.226 

-.103 

.023 

.139 

-.088 

.042 

-.082 

.072 

.109 

.069 

-.020 

-.048 

-.022 

-.094 

4.00 

3.45 

3.63 

3.74 

3.38 

3.48 

3.05 

2.93 

2.90 

2.92 

3.35 

3.32 

3.72 

3.51 

3.02 
3.10 
3.22 

3.03 
3.13 
2.83 

.142 

.143 

.128 

.131 

.129 

.115 

.103 

.092 

.085 

.068 

.143 

.149 

.140 

.134 

.129 

.128 

.106 

.102 

.076 

.083 

.057 

.058 

.055 

.055 

.056 

.052 

.047 

.040 

.034 

.027 

.058 

.067 

.064 

.060 

.063 

.060 

.058 

.048 

.041 

.040 

.734 

.646 

.839 

.660 

.857 

.947 

1.339 

1.407 

1.243 

1.334 

.778 

.707 

.736 

.648 

.998 

.874 

.940 

1.063 

1.286 

1.281 



3.81 
3.13 
3.76 
3.12 

3.82 
3.76 
5.69 
5.80 
5.85 

7.22 
3.94 

3.23 
3.45 
3.12 
4.59 
3.58 
4.10 
4.64 
5.56 
5.90 

.0003 

.0013 

.0009 

.0013 

.0018 

.0022 

.0022 

.0021 

.0018 

.0012 

-.0001 

.0002 

.0002 

.0006 

.0013 

.0017 

.0024 

.0022 

.0018 

.0015 

.034 

.130 

.096 

.140 

.187 

.219 

.228 

.250 

.250 

.214 

-.010 

.020 

.020 

.054 

.118 

.172 

.243 

.224 

. 22 ; 

.199 

.010 

.010 

.009 

.009 

.009 

.009 

.009 

.007 

.008 

.006 

.010 

.011 

.011 

.010 

.010 

.009 

.010 

.009 

.007 

.008 

.104 

1.156 

.758 

.769 

.728 

1.378 

1.533 

1.698 

2.241 

3.142 

-.021 

.314 

-.241 

.649 

.390 

.405 

2.180 

1.046 

1.401 

..855 

8.19 

9.82 

13.10 

9.86 

9.12 

9.61 

10.67 

10.74 

15.54 

32.44 

8.16 

6.14 

9.28 

8.96 

7.24 

6.53 

24.82 

8.38 

11.52 

14.37 

1000 

1000 

1000 

1000 

1000 

999 

1000 

1000 

998 

998 
99 ' 

999 
1000 

999 

999 

1000 

999 

1000 

998 

999 
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TABLE IV- 71 

AXIAL AND AZIMUTHAL VELOCITY DATA AND CORRELATIONS 

Test Date: 8/26/81 Run No.: 71 Flow Condition: 1 ^iometry: 1 

Axial Location; 25A ttim (10.0 in.); x/Rq ® A. 16 
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TABLE TV- 72 

AXIAL VELOCITY , RADIAL VELOCITY, AND MOMENTUM TURBULENT TRANSPORT DATA AND CORRELATIONS 

Test Date: 8/26/81 Run No.: 72 Flow Condition: 1 Geometry: 1 

Axial Location: 254 mm (10.0 in.); x/Rq = 4.16 




No. 

r 

♦( e - 0 ) 

-( e - 180 ) 

— 

r/R„ 

— 

It 

m/s 

u' 

m/s 


Ku 

V 

m/s 

V* 

i»/s 

'*v 

Ky 

r 



uv 

«2/s2 

^UV’ 

‘njv 

■2/s2 

^UV 

Kuv 

K 

1 

.0 

.000 

.873 

.221 

-.459 

3.27 

.058 

.206 

.644 

4.31 

-.0048 

-.105 




492 

2 

3.0 

.050 

.907 

.219 

-.307 

3.42 

.053 

. 194 

-.004 

6.20 

.0019 

.045 




496 

I 

6.1 

.100 

.904 

.211 

-.301 

3.23 

.034 

.177 

-.296 

3.34 

.0023 

.061 




498 

4 

9. 1 

.150 

.883 

.225 

-.573 

3.59 

.041 

. 188 

-.483 

4.89 

.0029 

.069 




498 

5 

12.2 

.200 

.887 

.227 

-.326 

3.05 

.024 

.216 

-.791 

4.12 

.0066 

.134 




498 

6 

18.3 

.300 

.862 

.266 

-.312 

2.86 

.054 

.203 

-.356 

3.48 

.0125 

.231 




497 

7 

24.4 

.400 

.787 

.298 

-.440 

3.43 

.113 

.210 

-.313 

3.00 

.0086 

.138 

.059 

.93 

7.53 

499 

8 

30.5 

.500 

.671 

.301 

-.160 

3.28 

.099 

.235 

-.457 

3.50 

.0212 

.299 

.071 

2.18 

13.16 

495 

9 

36.6 

.600 

.559 

.309 

-.298 

3.10 

.129 

.236 

-.295 

3.41 

.0254 

.349 

.069 

.87 

6.63 

493 

10 

42.7 

.699 

.369 

.330 

-.008 

2.80 

.119 

.271 

-.309 

3.55 

.0227 

.254 

.084 

.59 

6.57 

247 

11 

- 3.0 

-.050 

.901 

.213 

-.689 

3.80 

-.024 

.173 

-. 102 

4.05 

.0027 

.072 

.043 

1.28 

16.55 

496 

12 

- 6 . 1 

-. 100 

.887 

. 192 

-.473 

3.28 

-.007 

.190 

.281 

3.98 

.0012 

.033 

.041 

1.39 

20.36 

498 

14 

- 9 . 1 

-.150 

.863 

.214 

-.321 

3.37 

.003 

.187 

.165 

4.67 

.0003 

.009 

.045 

-.05 

14.92 

496 

15 

- 12.2 

-.200 

.874 

.229 

-.449 

2.96 

.001 

.181 

-.139 

3.88 

.0012 

.029 

.049 

1.48 

12.76 

494 

16 

- 18.3 

-. 300 

.859 

.246 

-.469 

3.18 

.026 

.199 

-. 159 

3 . 17 

.0111 

.228 

.062 

2.95 

18.37 

498 

17 

- 24.4 

-.400 

.775 

.280 

-.436 

3.46 

.043 

.223 

-.196 

3.51 

.0151 

.241 

.070 

2.51 

17.42 

498 

18 

- 30.5 

-.500 

. 6B1 

.312 

-.601 

3.81 

.085 

.211 

.078 

3 . 11 

.0165 

.251 

.075 

1.59 

13.62 

249 


MASS AND MOMENTUM lUKBULKM TkANSI’ORT M^oMRlMENTS United TtcUnoU>r,us Kesevircii Center /NASA Lewis Resenreh Center (Contract NAS3-?2771) 


R81-9 15540-9 



TABLE IV- 7 3 

AXIAL AND AZIMUTHAL VELOCITY DATA AND COBR:.LATIONS 


Test Date: 8/27/81 Run No.: 73 Flow Condition: 1 Geometry: 1 

Axial Location; 305 mm (12.0 in.); x/Ro “ 5.00 


-»^(«»-‘ 270 ) 
-( t »> 90 ) 

1 

1 

If 

m/s 

u ' 
m/ s 

Su 

1 

1 ^ 

V 

»/s 

w* 

f»/s 

Sw 

Kw 

- 2.03 

.033 

.774 

.220 

-.476 

3.08 

.003 

.214 

1.309 

7.57 

1.02 

.017 

.774 

.217 

-.492 

8.16 

.018 

.254 

2.656 

16.16 

4.06 

.067 

.774 

.212 

-.422 

3.12 

.014 

.219 

1.748 

11.91 

7.11 

.116 

.797 

.221 

-.674 

3.93 

.000 

.198 

1.361 

10.32 

10.16 

.167 

.768 

.217 

-.366 

3.12 

.007 

.188 

-.526 

5.59 

16.26 

.266 

.734 

.232 

-.431 

3.42 

-.006 

.249 

-.095 

10.38 

22.35 

.366 

.667 

.246 

-.332 

3.20 

.050 

.383 

1.231 

11.01 

28.45 

.466 

.614 

.248 

-.249 

2.73 

.148 

.462 

1.959 

6.93 

34.54 

.566 

.528 

t .247 

-.206 

2.87 

-.014 

.313 

- 1.223 

12.09 

40.64 

.666 

.450 

.259 

-.097 

2.98 

005 

.440 

-.067 

7.74 

- 2.03 

-.033 

.778 

1 .214 

-.432 

3.21 

-.013 

.326 

- 1.354 

10.66 

- 5.08 

-.083 

.756 

.215 

-.402 

3.02 

.015 

.222 

1.980 

17.05 

- 8.13 

-.133 

.796 

1 .214 

-.615 

3.73 

.018 

.193 

.369 

4.34 

- 11.18 

-.183 

.766 

.224 

-.401 

3.26 

.016 

.217 

1.459 

10.80 

- 14.22 

-.233 

.756 

.218 

-.443 

3.24 

.007 

.190 

-.203 

3.56 

- 20.32 

-.333 

.680 

.242 

-.423 

3.05 

.014 

.208 

,387 

4.31 

- 26.42 

-.433 

.634 

.240 

-.224 

3.01 

.022 

.264 

2.595 

19.16 

- 32.51 

-.533 

.561 

.252 

-.289 

3.08 

.016 

.217 

.009 

3.26 

- 38.61 

-.633 

.475 

.256 

-.083 

2.68 

.041 

.319 

2.878 

19.11 

- 44.70 

-.733 

.379 

.248 

-.110 

2.86 

.062 

.338 

2.59 

14.34 
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TABLE IV- 74 

AXIAL VELOCm’ , RADIAL VELOCirr, AND MOMENTL’M TURBULENT TRANSPORT DATA A.ND CORRELATIONS 


Test Date: 8/27/81 Run No.: 74 Flow Condition: 1 

Axial Location: 305 m (12.0 in.): x/Rn = 5.00 


Geometry: 1 



Kv 

■ 2 / i ,2 

3.60 

4.16 

3.63 

3.60 

.9 

.0013 

.0045 

.0017 

3.11 

.0036 

3.73 

.0078 

3.19 

. W .!64 

3.28 

.0132 

2.63 

.0126 

3.37 

.0198 

3.04 

0009 

3.72 

.0056 

3.28 

-.0004 

6.91 

.0061 

4.78 

.0057 

3.60 

.0079 

6.53 

.0121 

3.10 

.0184 

3.78 

.0107 

3.24 

.0194 




.431 


.575 

1 

.834 

- 

.107 

1 

.363 





5 

.93 

9 . 

.19 

4 

.62 

8 . 

.07 

3 . 

.40 

: 1 . 

.57 

1 . 

.64 


1.064 

10.74 

-.535 

9.47 

1.181 

15.92 
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TABLE V-A 

LISTING OF BASIC PROGRAM USED TO EDIT 
TWO-COMPONENT LV DATA STORED ON DISKS 


10 Dlt«*DYi:R* 

12 R1»»*R* 

M F’1»=*P* 

16 PRINT •TUO“DIMENSIONAL DATA EDITING - CORRELATION* 

20 PRINT 

30 PRINT 'RUN ♦*» \ INPUT R2$ 

35 PRINT 'DATE '» \ INPUT D01. 

40 PRINT 

50 11 IM P2<2> f P5(2> »L1 < 2 ) f L2(2) »F0(2) 

52 Ll(l)*.5145 \ LI (2) =.400 

54 PRINT •P5=PULSE STRETCHER (GREEN 1 OR 100)=*; \ INPUT P5(l) 

56 PRINT *P5«PULSE STRETCHER (BLUE 1 OR 100)=* » \ INPUT P5<2> 

58 PRINT *P2»MIN. FREQ. SCALE (GREEN. MHZ)--*J \ INPUT P2(l) 

60 P3=125 

62 PRINT •P2=MIN, FREQ. SCALE (BLUE. MHZ>=*5 \ INPUT P2(2) 

64 PRINT *L2= DUAL BEAM INCLUDED ANGLE (GREEN. DEG.)=*{ \ INPUT L2(l) 
66 PRINT 'L2= DUAL BEAM INCLUDED ANGLE (BLUE. DEG.) = *. \ INPUT 1.2(2) 
68 PRINT *F0=FREQ. OFFSET (GREEN. MHZ)=*i \ INPUT F0( 1) 

70 P4s8 

72 PRINT *FO=FREQ. OFFSET (BLUE. MHZ)-*» \ INPUT F0(2> 

73 PRINT ‘CLOCK SCALE ( MSEC > = ' } INPUT T1 

74 PRINT ‘VELOCITY COMPONENT (GREEN)=*» \ INPUT A7$ 

76 PRINT 'VELOCITY COMPONENT (BLUE)?-*! \ INPUT A8» 

77 P5=l \ Ll(l>=.5145 \ L1(2)=.48R 

78 PRINT ‘POINT ♦ *. \ INPUT P2$ 

79 PRINT *POSITION=‘J \ INPUT A94 

80 DIM D1 ( 1000) .D2( 1000) .Cl ( 1) .C2( 1 ) 

81 DIM A( 1000) .B( 1000) 

82 OPEN Dl»»R2ilP14JP2» FOR INPUT AS FILE *1 
84 INPUT *1:N0 

86 FOR 1=1 TO 1000 
88 DKD^O \ D2(l)=0 
90 NEXT I 
no K=1 

111 FOR 1*1 TO NO 

112 INPUT ♦1:D1(1 ) 

113 INPUT #1:01(1) 

114 INPUT #1:D2(1) 

115 INPUT #i:C2(l) 

116 NEXT I 

117 CLOSE #1 

119 Pl*3. 14159 

120 C2*L1 (K ./;>/SlN(L2(K)/24Pl/ieO) 

125 V3=C2*(P2(h)-F0vK> ) 

130 V4«C2*(5*P2(K)- rO(K) ■ 

135 C1=100/(V4-V3) 

140 PRINT ‘COEF FOR DAIh RE D < " T/i' EC/NHZ ) . C2 = ‘ . C2 
150 PRINT ‘VMIN = ‘ »V3J *MPS* f * 1V4. ‘MPD* 
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TAf^lE V-A (Cor.t.) 


250 DTH NKIOO) 

260 IF K«2 QO TO 296 

291 N5»N0 

292 PRINT 'RESULTS FOR VELOCITY COHFOMENT== * } A76 
294 GO TO 300 

296 PRINT 'RESULTS FOR VELOCITY COMPONENT*^ * J AS« 
300 N9»0 
305 Fl-0 

310 FOR I-l TO 100 \ N1(I)«0 \ NEXT I 
320 Dl-l \ H2»l 
400 FOR N«1 TO NO 
410 IF K«2 GO TO 416 

412 EeliKDl) 

413 D1*D1+1 

414 CO TO 440 
416 E-Ii2<Ii:!) 

418 H2*tt2*l 

436 IF E^O GO TO 480 
440 F»P34P4*P5<K)/E 
445 V=C2*(F-F0(.\ ■ ) 

451 IF V>V4 GO TO 451 

452 IF V>aV3 GO TO 460 

454 N9«N9+1 

455 GO TO 480 

460 I*INT( < V V3)*C1 ) 

470 Nl(I)^Nl(n + l 
480 NEXl M 

485 PRINT 'HISTOGRAM BASED ON' fNJ 'SAMPLES' 

495 FOR 1=1 TO 100 

500 IF N1 (I )=0 GO TO 530 

501 K3«V3P< I+.5)/Cl 

502 PRINT I*N1(I)»K3 
508 IF Fl=l GO TO 524 
512 Fl*l \ T3«N1(I) 

524 IF N1(I)<=T3 GO TO 530 
526 T3 = NKI) 

530 NEXT I 

616 FOR 1=1 TO 4 \ PRINT \ NEXT I 

618 FOR I»1 TO ICO 

619 Z = INT(N1(I 5/T31!50) 

620 IF (NKI)/T3K.01 GO TO 622 

621 PRINT TAB(Z>»1 

622 NEXT I 

623 PRINT 'INPUT N2»N3*» \ INPUT N2#N3 

624 V9-N3/C1FV3 

625 V8-N2/C1+V3 

627 V0=(V9-V8)/20 

628 U4=0 

630 N4«0 \ V1=C \ V2=0 \ U3=0 

632 IF K=2 GO TO 640 

634 M1-V8 \ M2=V0 

636 GO TO 650 

640 M3*V8 \ M4=V0 

650 Dl=l \ D2-1 

660 FOR N»1 TO NO 

665 IF K=2 GO TO 687 

670 E»D1(D1) 
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TABLE V-A (Cont.) 


675 ni=Dl+l 

680 IF E. = 0 00 TO 740 

686 GO TO 690 

687 E = D2<ri2) 

688 D2^-ri2 + 1. 

689 IF E:=0 GO TO 740 

690 F=F3*P4*P5(K)/E 
700 V=C2*(F-F0(K) ) 

704 IF V<V8 GO TO 732 
706 IF V>09 GO VO 732 
712 N4=N4+1 

722 IF K=2 GO TO 729 

724 A(N)"U 

726 GO TO 740 

728 B(N)=0 

730 GO TO 740 

732 IF K=2 GO TO 738 

734 A(N)=-100 

736 GO TO 740 

738 B(N)--100 

740 NEXT N 

741 K=K+1 

742 IF K=2 GO TO 120 

743 K=1 \ N4=0 

744 FOR 1=1 TO 100 \ N1(I)=0 \ NEXT I 

745 FOR N=1 TO NO 

746 IF A(N)=-100 GO TO 753 

747 IF &(N)=-100 GO TO 753 
743 IF K=2 GO TO 751 

749 I=INT(A(N)/. 1 )+50 

750 GO ro 752 

751 I=INT(B(N)/.l>+50 

752 Nl(I)=Ni(I)+l \ N4=N4E1 

753 NEXT N 

754 U3=0 \ U4=0 

755 IF K=2 GO TO 767 

756 FOR 1=1 TO 5 \ PRINT \ NEXT I 

757 PRINT * •;A7if' HISTOGRAM BASED ON ‘ ? N4 » ' ED I TED SAMPLES* 

758 PRINT *I * . *N1 ( I) * , *0(1) • , *P1 ( I) ’ , *P2( I) * 

759 FOR 1=1 TO 100 

760 IF N1(I>=0 GO TO 765 

761 K3=i*. 1-4.95 

762 R2=N1(I)/N4 

763 U3=U3+R2 

764 PRINT I f N1 a ) f K3»R2fU3 

765 NEXT I 

766 GO TO 778 

767 FOR I--1 TO 5 \ PRINT \ NEXT I 

768 PRINT * 'fABii’ HISTOGRAM BASEDON * » N4 » * ED I TED SAMPLES* 

769 PRINT *I*f •N2(I)*i'V<I)*»*Pl(I)*»*P2(I>* 

770 FOR 1=1 TO 100 

771 IF N1(I)=0 GO TO 776 

772 K3=I»,l-'^,95 

773 R2=N1(I)/N4 

774 U4=U4fR2 

775 PRINT ItNKI) »K3»R2fU4 

776 NEXT I 


81 


R81-9 15540-9 


TABLE V-A (Cent 


777 FOR J=1 TO 5 \ PRINT \ NEXT J 

778 K=K+1 \ N4=0 

779 IF K=2 GO TO 744 

780 A1=0 \ A2-0 \ A3-0 \ A4=0 

781 N5=0 

782 B1 = 0 \ B2 = 0 \ P3 = 0 \ B4==0 
784 U4 = 0 \ U2=0 \ U3=0 \ W4^ = 0 

790 FOR J--=l TO 100 \ N1(J)=0 \ NEXT J 

792 FOR N=1 TO NO 

794 IF A<N)=-100 GO TO 820 

796 IF Et(N)=^-100 GO TO 820 

798 A1=A1+A(N> 

800 A2=A2+< A(N) )"2 
802 A3=A3+(A(N) )''Z 
804 A4 = A4+( A(N) >''4 
806 E<l = bl+8(N> 

808 B2 = B2F(B(N) )''2 
810 B3=B3+(B(N) )”3 
812 B4 = B4F(B(N) )''4 
814 N5--=N5+1 
820 NEXT N 
830 A1=A1/N5 
832 B1-B1/N5 

334 A4=-A4/N'5-4*A1*A3/NS + 6*(A1''2)»A2/N5-3*(A1''4 ) 

836 B4 = B4/N5-4»B1*B3/N5 + 6*(B1''2)*B2/N5“3*<B1''4 ) 

838 A3=A3/N5-3*Al*A2/N5 + 2»( Ar'3) 

840 B3- B3/N5-3»B1*B2/N5+2*(B1"3) 

842 A2^^A2/N5-(A1''2) 

844 A2=SQR(A2) 

846 B2=B2/N5“(B1”2) 

848 B2=SQR(B2) 

860 PRINT • RESULTS FOR RUN ■» R2$ J * POINT * j P2$ 

862 FOR J=1 TO 4 \ PRINT \ NEXT J 

864 PRINT • RESULTS FOR COMPONENT *jA7F 

866 FOR J=1 TO 2 \ PRINT \ NEXT J 

868 PRINT ‘VBAR=* tAl ; *MPE • 

870 PRINT *VRMS=' f A2J *MPS’ 

872 PRINT 'THIR: MOMENT OF TURBULENCE= ' f A3 5 * MPS^S ‘ 
874 R3=A3/(A2"3) 

876 PRINT •3RD CORRELATION COEFFICIENT-- * i R3 

878 PRINT 'FOURTH MOMENT OF TURBULENCE- * J A4 » •MPS"4 * 

880 R4=A4/< A2"4) 

882 PRINT *4TH CORRELATION COEFF I C IENT= * » R4 

890 FOR J=1 TO 4 \ PRINT \ NEXT J 

892 PRINT • RESULTS FOR COMPONENT *»A8« 

894 FOR J=1 TO 2 \ PRINT \ NEXT J 
896 J'RINT *VBAR = ' ; B1 ; *MPS* 

898 PRINT •VRMS=* »B2} *MPS" 

900 PRINT 'THIRD MOMENT Or TURBULENCE= ' * B3 5 ' MPS"3 ' 
902 R3 = B3/(B2''3) 

904 PRINT '3RD CORRELATION COEF F I C I ENT= * » R3 

906 PRINT 'FOURTH MOMENT OF TURBULENCE^ ' J B4 { 'MPS'’4 ' 

908 R4=B4/<B2"4) 

910 PRINT '4TH CORRELATION COEFF IC IENT= ' t R4 
944 PRINT 
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TABLE V-A (Concl.) 


946 PRINT 

948 U2=0 \ W3=0 \ U4=0 

949 N5--0 \ U4~0 \ R8-0 

950 FOR N--^l TO NO 

952 IF A(N)=-100 GO TO 972 
954 IF ti(N)=^-100 GO TO 972 
956 Ul=^(£i(N)-Bl)*(A(N)-Al) 

960 I-INT(W1/.01) +50 
962 IF I >99 GO TO 772 
964 IF K1 GO TO 972 

966 N5=N5+1 

967 U4=U4+U1 

968 W2-W2 + 01''2 

969 U3-W3+W1"3 

970 N1(I)=N1(I)+1 

971 U4=U4+W1"4 

972 NEXT N 

974 U4=.'U4/N5 

975 FOR I=n TO 5 \ PRINT \ NEXT I 

980 PRINT *UV HISTOGRAM BASEDON *} N5 J " SAMPLES * 

981 FOR 1=1 TO 2 \ PRINT \ NEXT I 

983 PRINT • I* » ‘N2( 1 ) • » •UV< 1 ) • r ‘PK I) • r ’P2( 1; ■ 

984 FOR J=1 TO 100 

985 IF N1(J)=0 GO TO 994 

986 K3=J*.01-.495 
988 P9=N1(J)/N5 
990 R8=R8+P9 

992 PRINT J»N1 ( J) »K3,P9»R8 
994 NEXT J 

996 FOR J=1 TO 5 \ PRINT \ NEXT J 

1000 PRINT ■ 00 CORRELATION RESULTS' 

1004 FOR 1=1 TO 4 \ PRINT \ NEXT I 

1008 U4 = U4/N5-4*U4»W3/N5 + 6»(U4'’2)!|!W2/N5-3*(U4''4) 

1012 U3=U3/N5-3*U4*W2/N5+2*(U4''3) 

1016 U2=U2/N5-(LI4''2) 

1020 PRINT '00 CORRELATION = ' J U4 J * MPS"2 ' 

1024 PRINT •2ND MOMENT OF UO HISTOGRAM= ' i‘U2 J ' MPS''4 ' 

1028 PRINT '3RD MOMENT OF 00 HISTOGRAM^ ' J U3 r ' HPS'o ' 

1032 PRINT *4TH MOMENT OF 00 HI S TOGR AM= ' J W4 i * MPS'8 * 

1080 PRINT 'END OF RUN * 5 R2$ » ' 01 NT ' J P2 1 

1085 FOR 1=1 TO 10 \ PRINT \ NEXT I 

1090 GO TO 78 

1100 STOP 
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TABLE V-B 


LISTING OF BASIC PROGRAM USED TO EDIT 
LV/LIF DATA STORED ON DISKS 


10 ih»=*dyi:r* 

12 R1$='R* 

14 Plt=*P* 

16 PRINT 'LDV - LIF DATA EDITING* 

20 PRINT 'RUN ♦*» \ INPUT R2$ 

30 PRINT \ PRINT 
40 PRINT 

50 PRINT *MIN FREQ SCALE<MHZ)*. \ INPUT F2 
60 P3=125 
70 P4==8 

80 PRINT *P5== PULSE STRETCHER (1 OR 100) -=*> \ INPUT P5 
90 PRINT *L1=LASER WA VELENGTH ( h ICRONS ) = * I \ INPUT L I 
100 PRINT *L2= DUAL BEAM INC ANGLE ( DEG )-* J \ INPUT L2 
110 PRINT *FO=FREQ OFFSET»ZERO UEL(MHZ)=*» \ INPUT FO 

112 PRINT *CBAR(NO DYE)=*» \ INPUT CO 

113 PRINT *CBAR(CENTERLINE) = * ; \ INPUT CS' 

114 PRINT *C-TO -F SCALING PARAMETER^*; \ INPUT SO 

115 PRINT *DATE*» \ INPUT DOH 

119 Pl=3. 14159 

120 C2=Ll/2/SIN(L2/2»Pl/130) 

125 V3=C2*(P2-F0) 

130 U4 = C2<U5*P2-F0) 

135 C1=100/(U4-V3) 

140 PRINT *COEF FOR DATA RED ( MPS/MHZ ) » C2+ * i C2 
150 PRINT *UMIN=* »V3; *MPS* > *VMAX=* ;V4? *MPS* 

250 DIM N1 ( 100) »N3(100) 

251 DIM El ( 1000) »E2a000) 

255 DIM D1 ( 1000) »C1 ( 1 ) 

257 DIM UK 1000) »N2( 100) 

280 PRINT 'POINT *'r \ INPUT P2$ 

281 PRINT •POSITION*. \ INPUT A9$ 

291 N5=N0 

300 N9=0 
305 F1=0 

310 FOR 1 = 1 TO 100 \ NKI) = 0 \ NEXT I 

316 FOR 1 = 1 TO 1000 \ DKI) = 0 \ NEXT I 

318 FOR 1=1 TO 1000 \ E2(I)=0 \ NEXT I 

320 OPEN Dl$*R2$SPl$&P2t FOR INPUT AS FILE #1 

324 INPUT *1:N0 

326 FOR 1=1 TO NO 

328 INPUT #1;D1(I) 

330 INPUT #1:01(1) 

332 INPUT #i:E1(1) 

336 E2< I)=S0*(E1(I)-C0)/(C9-C0) 

340 NEXT 1 
344 CLOSE #1 
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TABLE V-B (Cont.) 


400 FOR N=^l TO NO 
410 T2=D1(N) 

420 IF T2=2.5 GO TO 410 
440 F = F'3*P4*F5/T2 

445 V=C2*(F-F0> 

446 01(N)--0 

451 IF 0>04 60 TO 454 

452 IF 0>-03 GO TO 460 

454 N9=N9+1 

455 GO TO 480 

460 I=INT( <0-03)TCl ) 

470 Nl<I)^4n<I)+l 
480 NEXT N 

482 FOR J-1 TO 3 \ F'RINT \ NEXT J 

485 PRINT ‘HISTOGRAM BASED ON ‘ j N » ‘ SAMPLES ‘ 

495 FOR 1=1 TO 100 

500 IF N1(I)=0 GO 10 540 

501 K3=03+(I+.5)/Cl 

502 PRINT IfNKI) fK3 
505 C3=C3+1 \ C4=I 
508 IF Fl=l GO TO 524 
512 Fl=l \ T3=N1<I) 

514 C5=I 

524 IF N1(1X = T3 GO TO 540 
526 T3=N1(I) 

540 NEXT I 

560 FOR J=1 TO 3 \ PRINT \ NEXT J 
570 FOR 1=1 TO 100 
575 Z = INT(N3 <I)/T3»50) 

578 IF (NKD/T3) <.01 GO TO 590 
520 PRINT TAB(2)»1 
590 NEXT I 

623 PRINT ‘INPUT N2»N3‘» \ INPUT N2»N3 

624 U9=N3/C1+V3 

625 U8=N2/Cl+03 

627 U0=(09-03)/20 

628 U4=0 

629 03=0 \ 04=0 \ U2=0 \ U3=0 \ W4=0 

630 N4=0 \ 01=0 \ 02=0 \ U3=0 

631 01=0 \ 02=0 \ G1=0 

632 G2:: 0 

640 FOR 1=1 TO loO \ Ni(I)=0 \ NEXT I 

650 FOR J=1 TO 100 \ N2(J)=0 \ NEXT J 

655 FOR J=1 TO 100 \ N3(J)=0 \ NEXT J 

660 FOR N=1 TO NO 

700 0=01 (N) 

702 I = INT (0/ . D+50 
704 IF 0<08 GO 10 740 
706 IK 0:.09 GO TO 740 
708 Nl< I)=NKI ) + l 
710 01=01+0 
720 02=02+0*0 

725 U3=U3+0'3 

726 U4=U4+0'4 

730 N4=N4+1 

731 Q1=(U+[:2^N:- 
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TABLE V-B (Cont.) 


732 Q2*Q2+E2(N)*E2(N) 

733 G1=G1+V#E2(N) 

734 03 = Q3+(E2(N))''3 

735 Q4 = Q4+(E2(N) 

740 NEXT N 

750 V1=V1/N4 

752 U4 = U4/N4-4*01*1)3/N4 + 6*(V1''2>*V2/N4-3*(V1''4) 

754 U3=U3/N4“3*V1*V2/N4 + 2*(V1''3) 

755 Q1=Q1/N4 

756 Q4=Q4/N4-4*Ql*Q3/N4 + 6*<Ql''2)Ki«2/N4--3*(Ql''4) 

757 Q3=Q3/N4-3»Q1*Q2/N4 + 2*(Q1''3) 

760 V2 = 02/N4-V1''2 

761 U2=SQR<y2) 

764 02=Q2/N4-Q1»Q1 

765 Q2=SQR(Q2) 

766 G1=G1/N4-Q1»V1 

767 N6=0 \ R8=0 \ R9=0 \ N7=0 \ R8=0 

768 IF (Q2/Q1 K1 .OOOOOE-03 GO TO 809 

770 Al=Q2/3 

771 EI2=2»Q2*U2 

772 FOR N=1 TO NO 

774 IF OKNXUS GO TO 808 
776 IF V1(N)>09 GO TO 808 

778 J=INT(E2<N)/.02)+25 

779 IF J<1 60 TO 808 

780 IF J>99 GO TO 808 
782 N2< J)=N2< J)+l 

784 N6=N6+1 

786 R2=< <V1<N)“V1 )*<E2(N)-QU )-Gl 

787 Jl=INT<R2/.04)+50 

788 IF JKl GO TO 808 
790 IF Jl>99 GO TO 808 
792 N3( J1 )=N3( J1 )+l 
794 N7=N7+1 

797 G2=G2+R2 

798 U2-W2+R2"2 

799 W3=W3 + R2'-3 

800 W4:^W4 + R2''4 

808 NEXT N 

809 FOR N=1 TO 10 \ PRINT \ NEXT N 

810 PRINT 'DATA OUTPUT FOR RUN'fR2$»* POINT* JP2$ 

811 PRINT A9i 

820 PRINT *N0=* INOf *N4=* »N4 

821 G2=G2/N7 

822 U4=W4/N7 
824 U3=W3/N7 

826 W2=W2/N7 

827 U1=SQR<W2) 

828 S3 = W3/( WX3) 

829 S4 = W4/( Wi''4) 

830 PRINT *VEiAF:^* iVi *MPS* 

850 PRINT * VRH8:--* ;U2» *MPS* 

858 R3=U3/( (U2)”3) 

868 R4 = U4/( (LJ2X4) 

872 H3=S0»«1 

874 PRINT *FBAR=*}01 
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TABLE V-B (Cont.) 


875 PRINT 'FRHS^' »Q2 

877 PRINT *F'V' BAR =*»Gi;*MPS* 

878 PRINT *F'V' RME =*»U1J*MPS“ 

880 PRINT 'DATE’ftiOf 

885 PRINT ‘DATA STQRFD AS FILE ' » RliJiR2iiPi$iP2t 

886 FUR 1*1 TO 5 \ PRINT \ NEXT I 

888 PRINT 'VELOCITY HISTOGRAM BASED ON ■» N A J * SAMPLES * 

890 PRINT •I'»'Nl(I)'i'V(I)'f'Pl(I)'i'P2(i: • 

892 FOR 1=1 TO 100 

894 IF N1(I)=0 GO TO 899 

895 K3=I*. 1-4,95 

896 P9=N1(I)/N4 

897 R9=R9+P9 

898 PRINT IfNl(I) fK3>P9iR9 

899 NEXT I 

900 FOR J=1 TO 5 \ PRINT \ NEXT J 

901 IF N6=0 GO TO 920 

902 PRINT 'CONCENTRATION HISTOGRAM BASED ON '} N6 f ' SAMPLES ' 
904 FOR J=1 TO 2 \ PRINT \ NEXT J 

906 PRINT 'I'f ■N2(I>','C(I)'f'Pia)'»'P2<I)' 

907 FOR J=1 TO 100 

908 K3=J»,02-,49 

909 IF N2(J)=0 GO TO 914 

910 P9=N2(J)/N6 

911 P8=P8+P9 

912 PRINT J,N2( J) fK3,P9,PG 
914 NEXT J 

920 IF N7=0 GO TO 980 

924 FOR J=1 TO 5 \ PRINT \ NEXT J 

928 PRINT 'C-V HISTOGRAM BASED ON '» N7 »' SAMPLES' 

930 FOR J=1 TO 2 \ PRINT \ NEXT J 

932 PRINT 'I','N3(I)'»'CV(I)'»'P1(I)‘»*P2(I)' 

936 FOR J=1 TO 100 
940 IF N3(J)=0 GO TO 960 
944 K3=J*,04-1 .98 
948 P9=N3(J)/N7 
952 R8=R8+P9 

956 PRINT J.N3( J) ,K3,P9.R8 
960 NEXT J 

976 FOR J^^l TO 4 \ PRINT \ NEXT J 
985 PRINT 
990 PRINT 

992 PRINT ' MOMENTS OF PROBABILITY DISTRIBUTIONS’ 

994 FOR J=1 TO 3 S PRINT \ NEXT J 

996 PRINT ' VELOCITY' 

997 PRINT \ PRINT 

998 PRINT 'THIRD MOMENT OF TURBULENCE* ' J U3 f ' MFS''3 ' 

1000 PRINT '3RD CORRELATION COEFF ICIENT = ’ f R3 

1002 PRINT 'FOURTH MOMENT OF TURBULENCE* ' U4 f ' MPS"4 * 

1004 PRINT '4TH CORRELATION COEFFICIENT*’ J R4 

1010 FOR N=1 TO 5 \ PRINT \ NEXT N 

1012 PRINT ' CONCENTRATION" 
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TABLE V-B (Concl.) 


1014 

lOlA 

1018 

1020 

1022 

1024 

1026 

1028 

1030 

1032 

1033 

1034 

1035 

1036 
1038 
1040 
1042 
1044 
1078 
1080 
1100 


PRINT \ PRINT 

PRINT 'THIRD MOMENT OF CONCENTRATION= ' } Q3 
R3=Q3/(02''3> 

PRINT '3RD CORRELATION COEFFICIENT=* »R3 
PRINT 'FOURTH MOMENT OF CONCENTRATION^^' *04 
R4»Q4/(Q2''4) 

PRINT '4TH CORRELATION COEFF ICIENT*' ; R4 

FOR J=1 TO 5 \ PRINT \ NEXT J 

PRINT ' VELOCITY-CONCENTRATION PRODUCT' 

PRINT \ PRINT 

R3=G1/U2/Q2 

PRINT 'PRODUCT CORRELATION COEFFICIENT= ' R3 
PRINT 'SECOND MOMENT OF PRODUCT= ' * W2 * ' MPS''2 ' 
PRINT 'THIRD MOMENT OF PRODUCT= ' ** U3 * ' Mr S''3 ‘ 
PRINT '3RD CORRELATION COEFF I C I ENT== ' f S3 
PRINT 'FOURTH MOMENT OF PRODUCT^ ' W4 J ' MPS''4 ' 
PRINT '4TH CORRELATION COEFFICIENT= ' 5 S4 
PRINT '62“'{G2 
PRINT \ PRINT \ PRINT 
PRINT 'END OF RUN ' * R2$ * ' POI NT ' 5 P2$ 

GO TO 280 
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SHEAR REGIONS OF COAXIAL JETS CONFINED IN AN ENLARGED DUCT 



FIG. 1 









SCHEMATIC OF FLOW COMPONENTS FOR TEST APPARATUS 
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SKETCH OF OPTICAL COMPONENTS AND BEAM PATHS USED FOR TWO COMPONENT 

VELOCITY MEASUREMENTS 


DiSA 55 X 00 OPTIC CO»/POf*£NTS 


52 — bACi'CCvEP Plate //iTh P0> ARiZATiOC rotator 
02 — blf-'/ splitter StCTlOf. ' 

04 _ bRAOO cell sections 

05 - BEAM splitter section 2 

•A. - HACi'SCATTER SECTiCN //ITh OREEfi LASER LINE FILTER 
01 - BAC>'SCATTER SECTlOfi //iTm BluE wASER LifiE FIlTER 


OB — photomultiplier TuBE 
OS — lens mount 
U j — PiNmOlE SECTION 
1 ' — BEAM TRAfiSLATOR 
12 — BEAM E/PANOER 



transmitter beam path 


I 
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SKETCH OF OPTICS COMPONENTS USED FOR LV/LIF MEASUREMENTS 
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FIG. 10 


VISUALIZATION OF FLOW CONDITION 1 FROM HIGH SPEED MOTION PICTURES 

V| = 0 52 m/s Vg = 1 66 m/s 
Q| = 6 2 gpm Qg = 52 8 gpm 

DYt ADDED TO INNER JET FLUID 


r-z PLANE 


0- I- 12b'»"'' 


125* i' 250 mm 



r-// PLANE 
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AXIAL VARIATION OF MEAN AXIAL VELOCITY AND MEAN INNER JET FLUID CONCENTRATION 

ALONG CENTERLINE 



DISTANCE FROM INLET, z — mm 


DISTANCE FROM INLET, z — mm 
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MEAN AZIMUTHAL VELOCITY PROFILES 
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FIG 14b 


MEAN AZIMUTHAL VELOCITY PROFILES (CONT.) 
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RMS RADIAL velocity FLUCTUATION 




















RMS RADIAL VELOCITY FLUCTUATION, v' — m/s 
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FIG. 16b 


FLUCTUATING RADIAL VELOCITY PROFILES (CONT.) 
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MEAN INNER STREAM CONCENTRATION FRACTION 
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INNER STREAM CONCENTRATION 
FLUCTUATION, f' 
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FIG. 19b 


FLUCTUATING INNER JET FLUID CONCENTRATION PROFILES (CONT.) 


SYMBOL 

A 
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MOMENTUM TRANSPORT CORRELATION COEFFICIENT. 
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FIG. 22 


MOMENTUM TRANSPORT RATE, uvi, AND CORRELATION COEFFICIENT, Ry^. PROFILES 


SYMBOL 

a 

B 

LOCATION, « 

270 

90 


AXIAL LOCATION 10:^ mm 
DATA THOM RUN 23 




81 - 12 - 38-33 






RADIAL MASS TRANSPORT RATE, vl — m/s 
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FIG. 23a 


RADIAL MASS TRANSPORT RATE, PROFILES 


SYMBOL 

o 

♦ 

LOCATION. » 


leo 


/ Umm RUN 4b /=«b1mm RUN 4/ 



z = 102mm RUN 52 i = 152mni RUN 51 
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RADIAL MASS TRANSPORT CORRELATION 
COEFFICIENT. R^, 


















AXIAL MASS TRANSFER RATE, uf — m/s 
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FIG. 25b 


AXIAL MASS TRANSPORT RATE, uT, PROFILES (CONT.) 
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A 

A 
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0 

180 


I = 203 mm RUN NO 64 i = 2b4 mm RUN NO 6b 



Z = 305 mm RUN NO 67 



81 - 9 - 33-1 


126 









R8 1-9 15540-9 


FIG 26 


SKETCHES OF REGIONS WITH COUNTER GRADIENT AXIAL TURBULENT MASS 
TRANSPORT AND AXIAL VELOCITY ACCELERATIONS 


ZONL 

Ml — CONSTANT CONCENTHATIGN NO AXIAL I^SS TRANSEER 
M^' - COUNTEH-OBADiENT MASS TRANSPORT. ul 0 
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V4 — RECIRCULATION ZONE 

b) AXIAL VELOCITY ACCELERATION REGIONS 



Z/Ro 
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AZIMUIHAL MASS TRANSPORT AZIMUTHAL MASS TRANSPORT RATE. 

CORRELATION COEFFICIENT. R , ^ _ m/s 
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FIG 28 


AZIMUTHAL MASS TRANSPORT RATE, wf, AND CORRELATION COEFFICIENT, 

Rvvf. PROFILES 
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AXIAL VELOCITY PROBABILITY DENSITY FUNCTIONS 
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KURTOSIS. K,, SKEWNESS. S, 
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FIG. 33 


SKEWNESS AND KURTOSIS OF AXIAL VELOCITIES PROFILES 
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KURTOSIS, 
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FIG. 34 
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SKEWNESS AND KURTOSIS OF RADIAL VELOCITIES PROFILES 



z= 203 mill HUNScM .fiU 
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FIG. 35 


SKEWNbSS AND KURTOSIS OF INNER JET FLUID CONCENTRATION PROFILES 
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FIG. 40 


TURBULENT AXIAL MASS TRANSPORT RATE. uf. PROBABILITY DENSITY FUNCTIONS 

AXIAL LOCATION 102 mm 
DATA LROM RUN 62 
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FIG. 41 


TURBULENT AZIMUTHAL MASS TRANSPORT RATE, wl, PROBABILITY DENSITY FUNCTIONS 

AXIAL LOCATION 1UL’ mm 
UAIA THOM RUN ‘Si 
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KURTOSIS. K,,„ SKEWNtSS. S 
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FIG 43 


SKEWNESS AND KURTOSIS OF TURBULENT MOMENTUM TRANSPORT RATE PROFILES 
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FIG. 44 


SECOND CENTRAL MOMENT OF TURBULENT RADIAL MASS TRANSPORT RATE PROFILES 
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FIG. 46 


SECOND CENTRAL MOMENT OF TURBULENT AXIAL MASS TRANSPORT RATE PROFILES 
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KUHTOSIS, K,., SKEWNESS. S, 
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FIG 47 


SKEWNESS AND KURTOSIS OF TURBULENT AXIAL MASS TRANSPORT RATE PROFILES 
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FIG. 49 


. .'jh . ■ 

PLACK A'^D '^»'i PhOrOGKA • 

VISUALIZATION OF FLOW CONDITION 2 FROM HIGH SPEED MOTION PICTURES 


V|=0S7m.s Vci = 1 6b tn/s 
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black and white photograph 


FIG 50 


VISUALIZATION OF FLOW CONDITION 3 FROM HIGH SPEED MOTION PICTURES 
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FIG 51 


VISUALIZATION OF FLOW CONDITION 4 FROM HIGH SPEED MOTION PICTURES 


V| = 0 94m/s Vj 1 5) m s 

0| = 1 1 t ypm Oj = 4H 0 giim 
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BLACK Ai\D VvK'l7i£ FHOIOGRArm 


FIG 52 


VISUALIZATION OF FLOW CONDITION 5 FROM HIGH SPEED MOTION PICTURES 

Vj=0 94 m/s Va = 2 87 m/s 

I 0| = 11 1 gpm Qa = 94 8 gpni 

1 DYE ADDED TO INNtR JET FLUID 

r-z PLANE 

O'/- 100 mm 100- JbO MH »1 
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